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SUMMARY

We report here the results of measurements of (1) the
fast neutron flux and energy spectrs near the top and above
the earth's atmospheré and (2) the electron density in the
ionosphere. Observations were made both on rocket and bal-
loon flights at several different epochs and at & range of
geographic latitudes, | |

The first measurements of the cosmic-ray neutron flux
above the atmosphere were made with a standardized He3 pro-
. portional counter encased in a polyethylene moderator which,
in turn, was surrounded by charged particle counters to re-
Ject neutron events associated with neutron production in
the neutron detector assembly by galactic and solar cosmic
rays. Flights Weré made from 1965-1967 at 0, 20, 50 and 70°
geomagnetic latitudes on Nike-Apache and Nike-Tomahawk rocket

vehicles. The neutron leakage fluxes at these latitudes were

0.08 * 0,02, 0.21 * 0,03, 0.k5 * 0,06, and 0.85 * 0.12 em 2gec !

in the energy range 10 to 5 x 106ev. This latitude effect is
about 10/1, less than the 13/1 ratio calculated theoretically.

These results on the latitude dependence of the cosmic
neutron leakage flux indicatedlthe importancé of determining
the neutron energy spectrum between 1 and 50 MeV. A fast

neutron gamma detector was designed for space applications.

-1-



This instrument included a highly efficient LIl charged particle
shield, a pulse-shape discriminatof to separate neutrons from
gamma-rays in the energy range 1-50 MeV and 1-~T7 MeV respecfively;
an in-flight calibrator, and, most importantly, provided for
separately extracting the recoil proton, alpha particle and
Compton electron spectra from which the neutron and gamma-ray
spectra can be unfolded. The first balloon flight of this
detector was made from Palestine, Texas, on September 7, 1968,
and the neutron energy spectrum in the atmosphere at Pfotzer
maximum (~100 g/cmz) was measured from 3 to 20 MeV, The slope

= F(E)/ B(E)

decreased from asbout 4.0 * 1.0 between 3-6 MeV to 1.2 %

of the differential neutron energy spectrum(/

rbetween 12-20 MeV. Since this neutron energy spectrum is
consideraﬁly steeper than previouély ﬁeasured spectra, further
observations are being conducted.

Propagation experiments in the 1 MHz and 3 MHz-range were
utilized to determine electron density distributions in the
lower ionosphere. From the Faraday rotatioﬁ data obtained
from the rocket telemetry signal and the linearly polhrized
ground-based transmission are used in the appropriate theo- .
retical equations to deduce an electron‘density of about
5 x 10% cm™3 at 100 km and 102 cm” 3 at 65 km.

The charged particle specﬁra obtained on a rocket flight

at Ft. Churchill were used to calculate the electron production



in the lower ionosphere. ©Since the electron density was’being
measured simultaneously with a Faraday rotation expérimeht,

the effective recombiﬁation coefficient (the ratio of the
electron production to the electron demsity squared) was deter-

mined to be approximately 6 x 10 7 cm3 sec”™! at 65 km.



INTRODUCTION

In this investigation we have measured:
l. the fast neutron flux and energy spectra near
the top of and above the atmosphere;
2. electron density measyrements in the ionosphere;
3. solar X-rays; and
L, solar ultraviolet radiation.
We have collected in this report all the publications
pertaining to the above investigations and have arranged them
chronoleogically into twb groups: cosmic-ray neutron and

ionospheric measurements.



COSMIC~RAY NEUTRON PUBLICATIONS

J. A, Lockwood et sal.,



DESIGN OF A NEUTRON MONITOR FOR MEASUREMENTS IN SPACE

J. A, Lockwood and L. A. Priling
University of New Hampshire
Physicas Department
Durham, New Hampshire

ABSTRACT

A study has been made of suitable neutron detecting systems
for space measurements. As a results of this investigation a
neutron monitor, consisting of a Hel proportional counter en-
cased in a polyethylene moderator which, in turn, is surrounded
by charged particle counters, has been constructed and tested.
The efficiency of this neutron detector system is 2.0 counts/
neutron/cm? for 14 MeV neutrons and 20 cts/n/cm? at thermal
energies. The electronics system is designed to réject neutron
events occurring within 200 microseconds after a charged particle
counter is triggered, thereby providing discriminetion against
neutron production in the detector. |

A Li®I scintillator encased in a plastic scintillator
which acts as both a moderator for the neutrons and a charged
particle detector has also been built and tested, This detector
system was not adopted now as "space neutron monitor" because
pulse shaping circuits were rgquired and the rejection of gamma

ray events was not as good as for the He3 detector systenm.



Studies have also been made of detectors for fast neutron

measurements and directional neutron fluxes.
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Neutron Albedo Measurements on Rocket Flights
J. A. Lockwood, L. Friling, T. Wilson, and E. Chupp

University of New Hampshire

Durham, New Hampshire

Introduction:

- Neutrons are produced by ﬁhe interaction of the cosmic
radiation with nuclel in the earth's atmosphere, and a fraction
of these neuérons leak out from the atmosphere, giving rise to‘
the earth's neutron albedo. The decay of some of these neu-
trons within the magnetosphere can supply part of the protons
and electrons trapped in the Van Allen radiation belts’ (Singer,
1958). . Any evaluation of the trapping mechanism for charged
particles from this source will require knowledge of the neu-
tron energy spectrum and flux, as well as the spatial and tem-
poral variations.

The present experiment, designed to measure the integrated
flux of neutrons with energies up to ~VJ15 Mev, consistsyof a

3

moderated lie” proportional counter for neutron detection sur-

rounded by a ring of charged-particle detectors to count and
discriminate.against protons and alpha~particles that can pro-
duce neutrons in the detector assembly. This detecting system
was flown on four rocket fligpts in 1965 at geomagnétic lati~-
tudes of 0°, 199, and 49° and essentially the same longitude.

" Table I gives the launch dates, latitudes, longitudes,

and gated counting rates.



Table I.

Launch Date

3 February 1965

1808

2 April
1320

5 April
1942

13 April
SAT1L

ur

1965
uT

1965
UT

1965
UT

Geographic
Latitude Longitude
38.0° N 15.5° W
12.0° s 78.2° W
30.5 S 75.0° W
60.0° 8 78.0° W

Summary of Neutron Albedo Measurements

Geomagnetic

Latitude

49.4° N

Counts/sec

2.3
0.54
0.85

2.7



Experimental Method:

The basic detector, shown in Figure 1, consists of a He3
proportional counter for neutron detection, encased in a poly-
ethylene moderator approximately 7/8 inch thick. The Sylgard
ﬁsed as a potting.compound for high voltage insulation and
interstitial support also acts as a moderaﬁor, especially at
the ends of the tube array. The He3 counter is one inch in
diameter, 4 inches in active length, and is filled to a
pressure of 10 atmospheres. The proportional counters sur-
rounding the polyethylene moderator are 1/2 inch in diameter
by 7 inches active length, are filled with a mixture of argon
. and'methane, and are bperated in the semi-proportional region.
This experimental arrangement is a modification of the units
flown previously on polar-orbiting sétellites (Trainor and
Lockwood, 1964),

The four separate banks of five counters each are bperated in
two coincidence arrays composed of opposite banks, and the separ-
ate outputs also added serially. The output pulses from both
the add and colncldence modes are scaled and fed to the tele-
metry, as well as being used to trigger a univibrator which
blanks certain neutron channels. The blanking time is set for
200 usec, which 1s estimated tovbe greaterrthan three times the
half-life of neutrons iIn the detecting system. Within the add mode
circult a binary stage provides an additional 200 usec of blanking
time to discriminate against two charged-particle events occurring
within 200 wsec. Outputs from the total and from both gated modes

of the He3 counter are scaled and fed to the telemetry system.



10

The neutron detector assembly is 1ocatea as far forward as
possible, away from dense and hydrogeneous materials in which
neutrons might be produced. The plamshell nose cone sectlon,
which surrounds the detector, 1s jJettisoned above the aﬁmosphere
to remove a significant source éf.neutron préduction.

The detecting system was calibrated’by exposing the complete
detector assembly to fluxes of gamma rays and neutrons. The
gamma-ray response of the detector was measured with a calibrated
0060 source and was found to be negligible. Neutrons of different
energies were produced by a calibrated Ra-Be source and a U400 Kev
Van de Graaff accelerator. The accelerator provided a source of
nearly monoenergetic neutrons at 1.4, 5.2, 2.9, and 0.11 Mev. The
.absolute neutron fluxes were determined by foil activation tech-
niques, and an assoclated particle detecting system, as well as the
‘calibrated Ra-Be neutron source., A standard long counter (Hanson
and McKibben, 1947) was used as a monitor during the accelerator
runs. The neutron energy callbration 1s summarized in Figure 2.
The directional response of the complete sensor, measured at
2.9 Mev, is shown in Figure 3. The slight asymmetry in the angular
response is due to the high voltage package, which 1s potted and
located directly below the detector assembly.

Using the calibration curve in Figure 2 and the energy
spectrum given by Lingenfelter (1963), the counting rate of the
detector assembly can be converted to a neutron flux. If the

differential neutron flux in neutrons/cm2

sec Mev 1is given by
J(E) and the response of the detector in counts/cm2 is given by

S(E), the mean response of the detector is



- J(E)S(E)AE t

j J(E)dE

(counts/neutron/cmZ). For the detectors

flown 8 = 5.5 cm2.

It should be noted that the energy calibration in the range
105 < En < 107 ev 1s niost important, because according to
Lingenfelter's spectrum (1963), two-thirds of the neutron flux
lies in this range, whereas only one-tenth lies below 3 x 103 ev

6

and one-tenth above 3.5 x 10~ ev.

Results of Neutron Albedo Measurements:

The gated neutron counting rates for the He3 detector as=-
sembly are shown in Figure 4. No correction has been applied for
the altitude above the earth (Hess et al., 1961), because the
"counting rates shown represent the integrated rate above 2 xlO5 ft.
for the flights. The background effects as measured are neglible.
The error flags represent the statistical standard deviation for
each flight and a small error from the intercalibration of the |
flight units. The latitude effect for the gated neutron counting
rate between 500 and 0° geomagnetic latitude is U:1. The calculated
neutron leakage flux for solar minimum (Lingenfelter, 1963) is
indicated in Figure 4 by the smooth curve normalized to the ex-
perimental value at 0°,

When measuring a neutron flux in the presence of a background
of energetic charged particles (T02;100 Mev), local production of
neutrons must always be evaluated, Table II lists the contribution
to the counting rates'from the principle sources of local pro-
duction at the different latitudes. The method used to calculate
the neutron productlion 1s essentially the saﬁe as that outlined by

Trainor and Lockwood (1964). However, in the present calculation,
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several refinements have been added to improve the accuracy.
These refinements include: (1) the energy variation of the prima-
fy cosmic radiation was taken into account, rather than assuming
it to be a monoenergetic flux; (2) the interactions of primary
alpha particles were included; (3) the secondary neutron pro-
duction by fast knock-on ﬁarticles (cascade protons) Qas evalu-
ated; and (4) an energy distribution for the evaporétion neutrons
was folded into the known energy response of the detector. Since
the difference between the gated and the total néutron counting
rates is due to neutron production in the detector assembly, we
can compare this measured quantity with the calculated production
in the module due to primary cosmic radiation. The last column
in Table II gives the above measured production rate. The agree-
ment is good considering the large uncertalnties in the differences
for such low counting rates. During none of the flights was the
neutron channel gated off more than three percent of the time,
which is within the statistical errors. For'the low counting rates
obtained, no estimate could be made of local production in the nose
cone‘assembly from the difference in counting rates before and after
ejection. The two gated neutron counting rates were essentially the
same, indicating that most of the charged particles were primary
cosmic rays. | |

By converting the neutron counting rates to a neutron flux,;yhe
results can be compared with calculations of Lingeﬁfelter (1963) and
other experimental results. In Figure 5 is shown the neutron flux
values from these flights as a function of geomagneﬁic latitude.
The error flags indicated includé statisticai; intercalibration and

absolute calibration errors, The smooth curve is the calculated
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flux of Lingenfelter at minimum solar activity. At low latitudes
the measurements and the calculations agree. At higher latitudes,
however, the measured values fall slightly below the calculated
flux.

The data of Figure 5 have been replotted in Figure 6 with
other comparable heutron measurements above the atmosphere added.
Again there is good agreement among the experimental measurements
at the low latitudes. The results of Albert et al. (1962) on
polar-orbiting satellites, and of’Williams-and Bostrom (1964) on
the Traac satellite have not beenvincluded<because in both cases
localiproduction effects were large.- The excellent fast neutron
measurements by Haymes (1964) and Mendell and Korff (1963) near
the top of the atmosphere have not been included either, because
it 15 difficult to extrapolate these results above the atmosphere.
The smaller latitude effect measured by Trainor and Lockwood
(1964) on the polar-orbiting satellites is not fully understood.

In conclusion, there 1s reasonable agreement at low lati-
tudes among the measurements of neutron albedo flukes and calcu-
lated and experimental values. The latitude dependence of the
neu%fon leakage flux 1s still uncertain. More rocket flights at
higher latitudes are now being made to determine this quantity.
Clearly, further measurements with more efficient detecting
systems which include methods to determine the neutron energy
distribution are needed for the energy interval 105 < Eh < 107 ev.

Thls research was supported by the National Ae?onautics
and Space Administration under Contract NASr-lGH, and by the
Air Force Cambridge Research Laboratorles, Office of Aerospace

Research, USAF, under Contract AF19(628)-2352.
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Figure 1.
2.

3

Schematic diagram of the He
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Figure Captions

3

neutron detecting system.

Efficiency of the He3 neutron detector system as a

function of neutron energy from l()"2 to 107 ev.,

o]

Directional response of the neutron detector. 0 1is

3

along the axis of He” proportlonal counter.

The gated neutron counting rate above the atmosphere
for the four flights. The smooth curve is the cal-
culated neutron leakage at solar minimum (Lingen-
felter, 1963) normalized to the experimental data

at the equator. o

: [
“The measured neutron albedo flux above the atmosphere.

The smooth curve 1s the calculated neutron leakage at
solar minimum (Lingenfelter, 1963).

The measured neutron albedo flux above the atmos-
phere. The calculated neutron albedo at both solar
maximum and minimum is indicated (Lingenfelter, 1963).
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0.8" Polyethytene Moderator
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COSMIC-RAY NEUTRON FLUX MEASUREMENTS ABOVE THE ATMOSPHERE
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ABSTRACT

Measurements have been made of the neutron intensities
above the atmosphere at rocket‘altitudes with a moderated He3
neutron detector., The He3 proportional counter was encased
in a polyethylene moderator, and the moderator and neutron
detector were surrounded by a ring of charged particle
counters to discriminate against neutrons produced in the'
detector assembly by galactic anﬁ solar cosmic rays. flights
were made from 1965-1967 at 0, 20, 50, and 70° geomagnetic
latitudes (A). The neutron counting rates at these latitudes
are 0.3, <0.7, 1.7, and 3.0 sec_l,‘ These counting rates can
be converted to a neutron leakage flux in the energy range 10
to 5 X 106 ev, using the neutron detector calibration curve

and Lingenfelter's'calculated neutron energy spectrums at

different -latitudes. The neutrbn leakage flux is 0.08 * 0,02

(o] o

and 0.80 % 0{10 neutrons/cm2 sec at A = 0" and A = 70" re-
spectively. This latitude effect is about 10/1, less than
the 13/1 ratio calculated by Lingenfelter (1963). For A < 50°

the measured and the calculated néutron fluxes agree.
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COSMIC RAY NEUTRON FLUX MEASUREMENTS

ABOVE THE ATMOSPHERE

J. A. Lockwood
L. A. Friling
Department of Physics
University of New Hampshire

Durham, New Hampshire
0382k

Introduction

Neutrons in the earth‘a‘atmosphere are produced by
the interaction of the cosmic radiation with air nuclei; A
~ fraction of these ngutrons leak out from the stmosphere giving
rise to the earth's neutron albedo. The radioactive decay of |
some of these neutrons within the magnetosphere is a source
of the protons and electrons trapped in the Van Allen radia-
tion belts, (Singer, 1958). Any evaluation of the trapping
mechanism for charged particles from this source will require
‘knowledge of the neutron energy spectrum and flux, as well as
" the spatial and temporal variations.

Calculations have been made of the intensity and energy
spectrum of the neutron leakage. The earlier calculations by
Kellogg (1959); Hess (1959); Hess, Canfield and Lingenfelter
(1961); and Newkirk (1963) were made at particular latitudes
and times. The more recent calculations by Lingenfelter (1963)
include the variation of the‘cosmic-ray production with
latitude, altitude and time in the solar cycle. From these
calculations the latitude and time dependent neutron leakage

' flux was calculated by a multigroup diffusion code.
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Lingenfelter and Flamm.(l96h) have extended the calculations
to include the production and leakage of neutrons from solar
proton events. Dragt, Austin, and White (1966) and Hess and
Killeen (1966) have used these calculations to determine
quantitafively the contributions to the radiation belts. Both
conclude that solar protons and'éolar neutrons make an insig-
nificant contribution to the protbns trdpped in the radiation
belts. However, Hess 'and Killeen conclude that the decay of
cosmic~-ray produced néutrons leaking out of the atmosphere
can be the main source of the trapped proton flux (E>20 Mev).
On the other hand, Dfagt et al. conclude that tﬁe trapped
protons (E>20 Mev) gan be explained by this mechanism only if
the ratio of source strength to loss mechanism is increased
by a factor of 50 from the values used. Both agree that for
trapped protons with E<20 Mev the cosmic-ray neutron source
.is inadequate to produce the measured proton fluxes.

The present experiment was designed to measure the
integrated.rlux of neutrons with energies to about 15 Mev
at altitudes up to 350 km above the earth, The neutron

detector consisted of a moderated He3

proport;onal counter
surrounded by a ring of charged particle detectors to count
and discriminate against protons and alphas that can pfoduce
neutrons in the deﬁector asSemply. This detecting system

was flown on Nike-Apache and Nike-Tomahawk rockets at several

latitudes over the period from 1965-1967T, near the minimum

in solar activity. Ve present in this paper the‘experimental
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results from these flights, comparisons with other experi-
mental measurements along with the calculations of Lingenfelter

(1963), and interpretations of these results.

Experimental Method

The basic detector, shown in Figure 1, consists of a
He3 proportional counter fof neutron detection, encased in a
polyethylene moderator approximately T/8 inch thick. The
Sylgard used as a potting compound for high voltage insulation
and interstitial support also acts as a moderator, especially
at the ends of the tube array. The He3 counter is one inch
in diameter, four inches in active length, and is filled to
a pressure of 10 atmospheres. The proportional counters
surrounding the polyethylene moderator are 1/2 inch in diameter
by T inches active length, are filled with a mixture of argon
and methane, and are operated in the sémiproportional region.
The detection threshold on the counters is set below the pulse
height‘cdrresponding to minimum ionizing particlés. This
experimental arrangement is a modification of the units flown .
previously on polar orbiting satellites (Trainor and Lcckwood,
196h).

The four separate'bankp of five proportional counters
each are operated in two coincidence arrays composed of opposite
banks of counters and the oufputs from the individual counters
are also added serially, as shown in the diagram of ﬁhe

electronics system displayed in Figure 2. The.output pulses
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from both the add and coincidence modes are scaled and fed

to the telemetry, -as well as being used to trigger a uni-
vibrator which blanks certain neutron channels. The blanking
time is set for 200 Msec, which is greater than three times

the half-life of the neutrons in the detecting system.

Within the add mode circuit a bPinary stage provides an additional
200 usec of blanking time to discriminate against two charged
éarticle events occurring within 200 usec, Outputs from the
total and the coincidehce}gated modes of the He3 counter. are
scaled and fed to the telemetry system. We shall designate-
the raw or total neutron counting rate as Np, the neutron rate
,gatéd by the counting rate of the total charged particle shiela
as NGT’ and the neutron rate gated by the charged particle
coincidence banks as Ng, (see Figure 2).

The design of‘the neutron detector and its location in
the vehicle were based upon minimizing the effects of locgl
production of neutrons. The neutron detector assembly is
located as far forward as possible, away from dense and
hydrogenous materials in which neutrons might be produced.

The clamshell nose=-cone sectioﬁ, which surrounds the detector,
illustrated in Figure 3, is Jettisoned above the aﬁmosphere
to remove this source of local neutron production. Since the
neutron sensor is oriented with its long axis parallel to the.
spin axis of the rocket and is far forward, the solid angle

subtended at the detector by the main rocket payload is small.
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Since the chérged particle shieid does not completely
surround the neutron detector,‘we may expect a smail contri-
bution from neutron production by charged particles leaking.
in the ends of the sensor. For an isotropic charged particle
flux we estimate from geometfical considerations that +this
contribution is six percent. Furthermore, the charged particle
counters do not overlap each other around the neutron detector
50 about five percent of the charged particles entering the
/sides will escape detection. Since the neutron detector is
disabled for 200 usec every time a charged particle is
detected by the prpportional counters, the difference NTTNGT
represents an upper limit to the neutron production by charged
particles. This difference should be increased by about
10 percent to take into account the fraction of charged
particles leaking through the sides and ends. This is neglected
because of the large statistical errors (see Table L), Neutron
production effects for different parts of the rocket payload
were calculated and are evaluated in terms of measured pro-
duction (to be discussed later).

With the charged particle anticoincidence shield used
in this experiment, corrections might be necessary for the
self-gating rate. An energetic neutron (E»50 Mev) entering
the moderator can produce a proton recoil or a reaction with
one or more charged particle fragments. The secondary
charged particle can then turn off the neutrop,détector for

at least 200 ﬁsec. The total number of such interactions has
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been celculated, assuming the Lingenfelter neutron energy
spectrum (En>50 Mev) ‘and the measured total neutron cross-
section in polyethylene. We estimate the charged particle

counting rate to be X1 sec_l, which introduces a deadtime

correction of <0.1 percent.

Calibration of thé Neutron Detector

The detecting system was calibrated by éxposing the
complete detector assembly to known fluxes of gamma rays and
neutrons., The gamma~-ray response of the detector was measured
with a calibrated 0060 source and *as found to be negligible

for all payloads. Ceaelibrated Ra~Be, Amehl-Be, Amzhl—mock

fission, and Amahl—Li neutron sources were used, as well as

14.4 Mev and 2.7 Mev neutrons produced by a 400 Kev Van de
Graaff accelerator. The accelerator~-produced neutron fluxes
were checked against the calibrated neutron sources with a
standard long counter (Hanson -and McKibben,‘l9h7). The
associateﬁ particle technique was also used to measure the
neutron flux from the (d,t) reaction (Marian‘and Fowler, 1960).
The neutron flux produced at the target in the Van de Graaff
accelerator room was viewed through a hole so located in the room
shi;lding that’the effects of neutron scattering were minimized.
The remaining background of low energy neutrons from room
scattering was subtracted ou% in all runs: The calibrations

with the radioactive neutron sources were made with both the

source and the detector assembly.at least twenty feet above the
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ground to minimize the contributions from scattered neutrons.
Careful measurements were made of the effect of the scattered
neutrons at different elevations above the grqund with
different water content in the ground. We beiieve that the
uncertainty in the absolute calibration for any neutron source
is less than 10 percent, based upon thevknown accuracy for the
source strength, effects of scattering, and statistical errors.
Where the neut;on energy spectrum from the radioactive sources
extends over a considerable range, €.g. Ra—Bé or Am-Be neutron
sources, the efficiency was determined for the average energy
of the neutron'spectrﬁm by an iterative process. To calibrate
the neutron detector at thermal energies, a bare identical He3
counter was first calibrated at the thermal neutron facilities
of the Portsmouth Naval Shipyard. This counter was then used
as a standard to measure (by the cadmium difference technique)
the thermal flux in a large paraffin moderator constructed
around the target of the accelerator into which the flight
detector was placed.

The neutron energy calibration is summarized in Figure L,
For the calibrations made with neutron soufcesg we have indi-
cated the energy range in which 50 pefcent of the neutrons are
found. Since no energy calibrations were made between 3 x J_O-'2
and 4.8 x 10° ev, the response functions of Fraki et al. (1963)
for a BF3 counter with a one inch polyethylene moderator were

normalized (open circles in Figure 4) to the smooth curve

drawn through the experimental calibration data for 2<En<15 Mewv,
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The solid curve in Figure U is the best fit to both our cali-
brations and‘the normalized response functions of Fraki et al.
The dotted curve is an extraﬁolation of S(E) at 340 and h.9 ev
- to thermal energies, ©Such a large difference in the responsé
below id ev introduces only & twopercent change in the mean
efficiency of the detector because such a small fraction of the
neutron leakage lies in this energy interval. The error bars
indicated in Figure U4 take into account the uncertainfies in
absolute calibration of the neutroh sources (natural and
accelerator-produced), and in thg response of the long counter
.with neutron energy, as well a8 errors from subtracting the
background of scattered slow neutrons and from statistics.
The largest source of error is, of course, in determination
of the absolute neutron flux. The standard deviation of the
individual calibration points from the smooth curve in the
interval 2<En<15 Mev is 15 percent, which may be used as an
estimate of the accuracy of S{(E) in this interval. The largest
uncertainty in the calibration is 20 percent at En = 0,5 Mev,
The directional response of the complefe sensor, measured at
2,7 Mev, is shown in Figure 5.

The charged particle counter system was not calibrated.
The calculated geometrical factor for the charged ﬁafticle
counters operated in the add mode’is Go = 175 cm2, assuﬁing
that the proportional counters are 100 perﬁeﬁt efficient (Vouk,
19&7). From the rocket flight at Natal, Bra.z'il,' (vertical

cutoff rigidity Pc = 13 lefin Mérch'19673 we used the known
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primafy cosmic-ray fiux to find the geometrical factors for
‘the charged particle counters operated in the add and coinci-
dence mode. The ratio of the éharged particle counting ratg,
R, to the integral primary cosmic-ray flux, J, (including £he
albedo flux) is EGQ, vhere the efficiency of the counters, E,
is assuﬁed to be 1.0 and Go is the geometrical facto; for the
detector array. From the data of Webber (1967) the primary
flux, including splash and reentrant albedo, is L05 % L0
particies/m2 sec ster. Hence, G _ = R/J = 185 cm® for the add
mode and 17T.5 cm2 for the coincidence arrangement, assuming
2w isotropy for the primary and albedo flux. The calculated
~energy thresholds for electrons and protons are listed in

Table 1.

Table 1l: Energy thresholds for charged particle counters

in the He3 neutron detector system

NOSE CONE ON NOSE CONE OFF

Total (add mode) electrons  protons electrons protons
(EGO) = 195 en® 5 Mev 50 Mev 1.3 Mev 20 Mev
Coincidence
(EG_) = 18 em? V25 90 20 75

We can use the calibration curve in Figure 4 and the
directional response function shown in Figure 5 with an
assumed energy spectrum for the neutron leakage flux to convert

the counting rates to a neutron flux. If the differential
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neutron flux in neutrons/(cm2 sec Mev) is given by N(E) and
the response of the detector in counts/neutron em® is 8(E),

thé mean response of the detector is:

—  [N(E)S(E)dE
5 = Iv(E)aE - (10-1)

Assuming Lingenfelter's spectrum at 0°, ho°, and 90° geomagnetic
latitudes (Lingenfelter, 1963) we calculate S to be 3.6, 3.7 and
3.6 cm2 respectively, with an uncertainty of <15 percent. The
Liﬁgenfelter neutron leakage flux and relative contributions to
the counting rate of the detector from the different energy

O, and 900‘geomagnetic latitudes are listed in

ranges at 0°, L0
Table 2., From this table we see that a 20 percent error in S(E)
’ in the}interva1f0.1<En<l Mev introduces about 10>pefcent uncer-
tainty in S. In other energy ranges the experimental’errorg in

S(E) introduce much smaller uncertainties in S. Hence, the

15 percent error assigned to S is quite conservative.

Experimental Results

The rocket flight fesults are summarized in Table 3.
The first five payloads were carried on Nike-Apache vehicles
to a maximum altitude of 140 km, theulast three payloads were
flown on Nike Tomahawks to about 350 km. The neutron counting
rates were averaged over the flight time above the altitude at
which the nose cone was ejected: U5 km (150 k¥ ft) and 180 km
(600 k ft) for the Apache and Tomahawk véhicles respectively.
The flight times fqr data acquisitioniwere then 300 and 500 sec.

respectively. The neutron data 1isted‘in‘quumns A and B have
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not been normalized for differences .in calibration nor changes
in fhe intensity of the cosmic radiation betwéenerbruary,
l965,{and June, 1967. In Column C we have listed the normali-
. zation factors determined from intercalibration éf the payloads
with an Am-Be neutron source. For determining the relative
cosmic-ray inténsities at flight times, both the total charged
?article counting and the.coincidence rates are given.

Since the flights in 1966-1967 were after the minimum
in solar activity énd the cosmic-ray flux had declined, the
neutron data were normalized to solar minimum. The Mt.
Washington neutron monitor was used to indicate the cosmic-
ray intensity level and it was assumed that at any.latiﬁude
“the change in neutron leakage flux calculated by Lingenfelter
(1963) was & linear function of the cosmic—-ray intenéity.
These normalization factors are listed in Table 3, Column F,
Only flighfs 5 and 8 required large normalization. The values
shown in‘Column G are the normalized neutron counting rates
obtained ﬂy multiplying the NGT (Column B) by the normalization
factors for intercalibration (Column C) and for the change in
cosmic-ray intensity (Column F). Only on flight 8 was a
deadtime correction necessary for the neutron rate gated by
the total charged particle rate. This correction is included
in the value tabulated for flight 8 in Column G. The gated
neutron rates were converféd to neutron leakage fluxes at the
different latitudes using equation‘(lo-l).

In Figure 6 we have plotted the neutron rate gated by

the total charged particle rate (NGT) averaged over the flight



36

£30783I50UN WOT3BIQTTED SIPNTOTI I0IIT o

uoy3eipsa paddeay zusxedde om

X973 998 STTEIPP 04,

STRAISJUT SWI3 IaAD DPIFRIFAV4a

J0333 TBOT3ISTIVIS ¢
53YSTTI YABUPTOL-3XIN ¢ (S96T) °T® 32 ¥IUS WoIJ SSTITPTIIIZ FJoImd TeOTIINL

] KiS0on6
$°g8 (EQ0RT"T Amw.mﬁwqa DT OFER°T |Z°0FR°8% 03,00 §L°0 JgT°0%69°2 JLT°0%L9°S | 270> HoOln Hi:S%oBS |L9 L unp 8y
I.OOOON i R
0°€6 T0"0%10°0 €20 20°0%z0°1 N 0FE°n 22318 $6°0 [20°0%22°0 JEOO®YE O | 2°FT o~ S4+ETaS0 L9 L2 I®K hdp
Ai62e8L ! ,
g €6 90°036£°0 SH°T 2003101 T*03TI °n 1386 28°0 ([LODF49°T |OT°0%en°C |E°C Hett* 61 H,650LE mwoom AOK 9y
( . : MiSON6 | ;
o.Hm 2T°0%L8~0 T°€ OT*0FGE"T ;TI°O0SE°ELT £¥96e 00°T [2T°0%cH°2 |CST°0%f2"E | 2°0> HoOLn HiShoRS 19942 Buy 5.
. M:000R1 “
9°66 TIT*0%9L°0 1l°2 00°T 2°0%0°9 T#40T LL°0 LT 03nG € |gT°0%0L°E | 2 Y SeS 8% S$:00009 wnm gTady k |
. . b i .
A Mi20e8L |
6°g6 £0°0%12°0 il-0 00°T 2°039° % [§°0%6°2S 2L*0 {S0°0%80°T |S0°0%8T"T | 0°ST SebT S.18€ o 0E _mo‘m ady 4
- . AETeBL !
w°g6 20°0%0T"0 9E° 0 00°T cTo%E" Y a.oum.h: £8°0, JLO°OFER"0 | SO°0F05°0 | S ET SeS°0 Sil0a2T “mo 2 xdv F4
- Mi62eSL | )
§°66 gO°0F4S°0 02 00°T 2°0%6°9 «TFLST 080 wﬂ.onma.m Mﬂ.Oﬂmw.N 2°e Hoy* 61 Hs6S0lE mmo € qQad T
9
a3ey £318 uotTy ;
X03TUOH vnvNMH £ny Hvaoomv -BIQITSRS |AuomuacL 1
BoINSE -{(298) (°98) 1 _(2°8)"x
1-(°%8 1 oimso) ur I~ saTof -x93ujy T a !
no33uy 2®2) (Paz31 »3usy) 898y -T3383 J03 <uz PPV suoIqNay ou 98T *3uog/eawT; 93uQ *og .
=q8%M° IH xnrd ~SWIOR) 1032 souasp | padasvyp| 01083 | Lq DPa3BH 18305 .} 4 4 [ Fswoap otudexdosn| gounsy I921Td
2AT3%ToY | woxgnag s3wg u0I3eZ -ToUTO) 19307 UOT3BZ | STOIFNIL .- . :
unoxmay ~jrBTION FITeTION :
H D d S a o) 4 v

SININFENSYVIR NOWINIK 40 XYVHHAS € J1EVd



37

time above 200 k ft as a function of geomagnetic latitude.

For comparison purposes we have normalized Lingénfelter’s
leakage flux to the equatorial neutron counting rate. The
"most probable error for each flight is inéicated by the error
bar. This error includes the statistical uncertainty, the
intercalibration and normalization errors, the uncertainty in
the elimination of neutron production in the moderator assembly
and in the calculation of the production in the rocket vehicle.
Except for the flights at A = T70°, the statistical error is at
least one half the most probable error. Flights 3 and b at

o]

197 and h8.50 geomagnetic latitude (enclosed by the dashed
lines) are about 50 percent too large which is attributed to
electrical noise problems. Then electrical noise pulses could
be removed because characteristically most appeared simulta-

3

‘neously (within 107> sec.) on all data channels. However,

with the low counting rates observed, it was impossible %o .
delete all the noise pulses from.flights 3 and 4 on which large
noise bﬁrstsiwere encountered.

Flights 5 and 8 both occurred near the minimums of
Forbush decreases. Consequently, the norﬁalization factors:
are large. The charged particle counting rates on flight 8 were
much higher. We conclude that an appreciable flux of solar-
protons and helium nuclei were still present on June T, 1967,
from the low energy‘golar partiele event on June 6, which

followed a class 2B solar flare., This charged particle flux

produced neutrons both in the atmosphere and in the payload.
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Therefore, we cannot normalize the neutron data from flight 8
by the same method as used for £he other flights. For now we
will take the normalized neutron counting raﬁe on this flight
as 3.0 * 0;1 sec”1 (shown in parentheéis in Column G, Table 3) ,
~and justify it in the next section.

The neutron counting rates converted to a flux by means
of measured mean efficiencies for the detector are plotted in
Figure 7 as a function of vertical cutoff rigidity. The flux
.agrees within 25 @ercenf with Lingeﬁfelter's calculated values
at_Pc>1.0 Gv but is about one half the calculated value for
Pc<1.0 Gv. The observed ratio of counting rate at latitud;s
greater than 60° to that at the equator is about 9 to 1,

compared to the calculated latitude effect of 12 %o 1.

Interpretation of Results

1. Neutron Production Effects

In measuring the neutron flux in the presence of an
appreciabie background of charged particles, the effects of
neutron production must be carefully evaluatéd. The neutron
production rates in different sections of the payload were
calculated following a method similar to that outlined by
Trainor and Lockwood (196L4). Several refinementsvwere made
in the present calculations. These include: 1) the energy
spectrum of the primary cosmic,}adiatién was included rather
than to assume it to be a monoenergetic source with a mean
energy of 10 Gevj 2) the“inge;g§tions of the primary alpha

particles were,included;'3)wtheisecondary'heutron production
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by fast knock-on particles was evaluated; and 4) an energy
distribution for the evaporation neuffcns was folded into the
known energy response of the detector. In these'flights we
have monitored certain counting rates related to produétion:
- effects so that we can compare the calculated with the observed
neuﬁron production rates for different sections of'the payload.
These data a?exsummarized in Table U,

First, we can compare the difference between the neutron
- rates Jjust before and after the nose cone was ejected to
estimate the production of neutrons in the nose cone by galactic
cosmic-rays. The measured values are listed in the next to last
~ column of Table b and calculated contributions are given in the
. fourth column. The large errors for the measured ANl are
statistical. We conclude that neutron production from the clam-
shell is negligible. It should be noted that the neutron pro--
duction effects in the rocket vehicle, inciuding the material
'in the mounting for the neutron sensor assembly, are comparable
to those in’the nose cone assembly. The vehicle production is
more diffiéult to estimate and is not directly subject to
experimental verification. Since the values for neutron pro-
duction in the vehicle and nose cone assembly listed in TableAh
- are upper limits, we infer that at A = 700 these sources con-

tribute less than 12 percent. The contributions are about the

same at A = Oo.

Second,‘the difference between NT and NGT'cbrrected for

deadtime represehts thefneﬁﬁfonjproduction[in the moderator '

i
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assembly and material immediately adjacent to the neutron
sensor. The calculated and observed neutron productién rates
in the moderator assembly listed in Table 4 are in reasonablé
"agreement. The difference (NT-NGT) at A>70° is larger than the
“calculated production because neutron produdtion effects from
low energy protons (Ep<500 Mev) weré neglected in the calcula-
tions. There will be large contfibutions to the total charged
particle rate at these latitudes from protons with Ep>20 Me&;
which will produce neutrons in the moderator assembly. Such
_low energy protons are npt detected by the coincidence detector.

The two measured (NT-NGT) values enclosed by the dashed
rectangles in Table Y are questionable. On flight 2, electrical
‘noise was present. On flight 6 the gating circuiﬁ malfunctioned,
On flight 7 the L0 percent contribution of locally produced
neutrons at the equator is too large, However, the statistical
uncertainties are large and the contribution could be as low
as .05/.22 = 20 percent. Within the large statistical errors,
we concludeﬂthat tﬁe calculated and measured production'ih the
moderator assembly agree and that production effects are very
‘gsignificant at Pcél.o Gv.

Third, on fiight 7 from Natal, Brazil, the total and
coincidence counting rates of the charged particle detectors,
4shown‘in Figure 8, increased by 125 percent betWeen an alti-
tude of 200 km and apogee at 360 km. We can relate this increase
to any observed~incréasé in neutron counting rate;/and thereby |

[

establish lower limits on the neutron production, Since the
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fractional change in counting ;ates.for the total and coinci- «fi
dence éystems is the same, but the energy thresholds are
~.different (for protons, 20 and 75 Mev respectively), we

‘aﬁtribute thé‘increase to trapped protons with EP}TS Mev.

"We can convert the charged particle counﬁing rates at 200 km
 lto fluxes by using the geometrical‘factors determined from the .
.. known primary cogmic-ray flux at this 1atétude. Thus, if EGO’

) tis)195 and 17.5 cm2 for the total and coiﬁéidence modes, the

'increased‘counting rate at apogee corresponds to 0.3 protons

2

(cm sec)"l with Ep>75 Mev. However, N ~NGT,,which represents

T
the contribution to the counting rate from neutrons produced
in the moderator, is independent of the increase of the
1charged particle rate with altitude shown in Figure 8.
‘Therefore, the neutron production from a proton flux (Ep>75 Mev)
of O.3(cm2 sec)-l must be %0.1 neutron count/sec. This corre-
éponds to 10 neutrons/sec produced in the moderator assembly,
from the calculated efficiency of the néutron detector for
evéporation neutrons in the moderator (Wilson, 1965). Assuming

no cascading of the secondary nucleons at incident proton

energies of ~100 Mev, the number of neutrons produced in the

moderator assembly is

‘n = fvGJ (16-1) -
D
where n = neutrons produced/secbnd, f = fraction of protons
interacting, v = neutrons pef interaction, G =‘eG0 = geometrical

factor for the detector, and Jé = protons/cme. For Jp = 0.3

(en®sec)™, 6 = 195 cn®, moderator assembly thickness = 5 g om ",
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‘and the known (p,n) reaction cross sections at about 100 Mev,
we find n = 5 n/sec. The counting rate from this neutron pro-
"duction source is .05 sec“l, which is comparable to the sta-

~tistical errors and might not be observed.

Interpretation of Results

2. June T, 1967 Flight at Ft. Churchill

"Now with some quantitative insight into the effects of
‘neutron production, we can interpret the results of the June
1967 flight at Ft. Churchill. On this. flight much higher
charged particle and neutron rates were observed (Table 3) than
on the August 1966 flight at the same location. For this earlier
flight the charged particle rates corresponded to a cosmic-ray
" flux of 1.0 % 0.2 (cmesec)-l. If we normalize the primary cosmic-
ray flux observations of Webber (1967) by means of the Mt. Wash-
ington neutron monitor intensity, we estimate that the primary
flux on August 4, 1966, was 1.k % 0.2 (cmesec)-l, agreeing with
the measured value. However, on flight 8, the charged particle
total and coincidence rates corresponded to fluxes JP(EéZO Mev)
15 and JP(EP97S Mev) = 2.8 (cmzséc)-l; but the Mt. Washington
neutron monitor intensity was the same to within & 2.5 pefcent.
Hence, we attribute the higher counting rates to solar particles,
probably associated with the solar proton event on June 6, 1967,
Masley and Goedeke (1967) had observed oﬁ June‘6 an absorption
of 1.1 db on .a 30 MHZ riometer which they attribute to a 2B solar
flare event. No riometer event was recorded on August 2h? 1966.
For this reason ve t;ke the néﬁtron pcuntihg rate én flight 8 ‘

to be 2.98 (sec)“l. 7This“va1ﬁé~is'bbtaingd by multiplying the
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observed rate (Column B) by the normalization factor for inter-
caiibration and correcting for deadtime, wﬁich was approximately
.50 percent. The corrected counting rate corresponds to a neutron
‘}leakage flux of 0.78 (cmesec)“l. We can show by a self-consistent
argument that the increased counting rate was from neutrons pro=-
dgced locally and in the atmosphere by low energy protons:
af . The difference betwegn the neutron counting rates on ¢
flights 8 and 5, normalizea to the same cosmic-ray. level,
~is h.25-3.1 = 1.2 £ 0.2 A(»e;ec)"l corresponding to a neutrén
leakage flux of 0.3 * .05 (cmasec)_l. Since the neutrén
production in the moderator assembly is 50 percent greatef
on flight 8, we would estimate the vehicle production to
‘be 0.3 (sec)_l (see Table 4). This is comparable to the
statistical error in the differences of neutron rates on
flights 8 and 5, so will be neglected. If we can show
that the rigidity spectrum of solar particles on June T,
1967, was exponential, we can then use the calculated
resulté of Lingenfelter and Flamm (196L4) to determine
the additional neutron leakage from solar particle pro-
duction.
b) Since the total and coincidence charged particle rates
in the shield before and after the rocket nose cone was
ejected have différent energy thresholds for either pro-
tons or electrons;(neglecting any contributions from
"~ alpha particles),{ﬁe can use these countiﬂg rates to

construct a crude intégralﬁ§pectruma At Ft. Churchill
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~with Pc v0.2 Gv, we can neglect the electron contri-

bution to the counting rates. The four proton energy

’thresholds are! Ep>20 Mev for the total charged particle -

rate, nose cose off} EP>50 Mev for the total charged

particle rate, nose cone on; Ep>75 Mev for the coin¢i-

dence rate, nose cone off; Ep>90 Mev for thé coincidence
rates, nose cone on; Convertiﬁg the counting rates to

particle fluxes from the known geometrical factors for

the charged particle detecting system, the integfal pro-

ton flux is plotted as a function of kinetic enérgy and

" rigidity in Figure‘Q. For an exponential rigidity spectrum

J = J_ exp ('P/Po)‘ we find that J_ = 700 (cmzsec)-l,

P_ = 60 Mv and (aJ/ap)_ = 1k (em°sec Mv)~ L. With this

spectrum, Lingenfelter and Flamm (1964) predict a neutron -
leakage flux of 0.4 * 0.2 (cmasec)-l at this cutoff
rigidity, agreeing with the observed increased neutron

-leakage flux. Of course, the flux is very dependent  upon

. P_ and the evaluation from Figure 9 is quite crude.

e]

. From the riometer data (Masley and Goedeke, 1967), we

estimate that the attenuation at 30 MH, on June T, 1967,

Z
was <0.1 db. From the vertical absorption calculations
of Weir and Brown (196L4), assuming the alpha to proton

103(cm2sec)m1

[1]

ratio for the solar particles to be zero, J

for an exponential rigidity spectrum with Po 50 Mv, in
rough agreement with the proton spectrum estimatéd‘from

the charged particie:measufemehts.
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a) By comparing the normalized (N ) on flights 5 and 8

7~ Ngp
- the increased production in fhe hoderator.aSSembly cor- e
responded to 0.6Acounts/sec, which implies a production
of about 60 neutrons/sec.. We can use equation (16-1) to
o calculate thelneutron production in the moderator assembly.'
With J(>P) = 700 exp (-P/60) (cmasec)-l, there are about
15 protons (cmasec)—l>at a mean energy of 20 Mev (200 Mv).
With v = 0.5, G = 195 cma, an average moderator thickness
§ = 5 g cm"'2 and ¢ = 0.2 b for the cross section of neutroq'

production in a mixture of aluminum and carbon, the pro-

duction in themoderator assembly is

N
o)

= fyGJ = 6 = o0 vGJ_ = 50 n/sec.
" p A p = 20/

This estimate agrees with the measured extra neutron pro-

duction in the moderator assembly.

Therefoge, we conclude that the excess neutron leakage
flux bbser;ed’on June T, 1967, was due to neutrons produced by
low energy solar particles. This observation is supported by.
the results of Chupp et al. (1967) and Smith et al. (1962) on

‘neutron production in the atmosphére by solar particles.

Discussion

" We have summarized recent measurements of the total neutron
leakage flux in Figure 10. The measurements of Bame et al. (1963),

Treinor and Lockwood;(l96h)fand‘the present ones were made above

Y
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the atmosphere; the others are extrapolated from <10 g em™2
.altitude. The measurements of Holt et al. (1966) are of the

" fast neutron flux (1<En<10 Mev) at vk g em™ 2 extrapolated to

. the top of tHe atmosphere. We have converted their measurements

at solar minimum to a total neutron leakage flux by uéingvthe

. calculated fraction of 1-16 Mev neutrons to the total flux at

different latitudes (Lingenfelter, 1963). Both the data of

T~£,Trainor and Lockwood (1964) and the present data have been

" normalized to solar minimum. Other measurements were made

near solar minimum so that they were directly comparable. It

' , is interesting to compare the recent 1eakage flux value obtained

'~l by Intrilligator (1968) from extrapolation of the neutron flux

" at an altitude of g em™2 at A = 42° N with the rocket flight
' ,measurements here. The neutron leakage flux determined directly
atAA = 49% is (0.46 * 0.07) cm"zsec—l (see Table 3). Using
'meingenfelter's latitude dependence for the neutron leakage flux;’
‘we obtain (0.31 * 0.06) cm-esec"¥ at A = 42°% in agreement with

- (0.36 £ 0.06) em™2sec™t obtained by Intrilligator. Except for
the results of Trainor and Lockwood (196k4), the agreement among
measured values is good to %500 geomagnetic latitude. (The re=-
sults of Trainor and Lockwood will be discussed separately.)
However, the accuracy of the data at A?SOO is not good enough

to distinguish between the tﬁo calculated leakage fluxes of
Lingenfelter (1963) shown in Figure 10.7

Above 50° there are large disagreements both among the

experimental measufgmgnté an¢ with_the calculated fluxes. Green- .
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.~ hill et al. (1965) and the present authors agree within ex-

' perimental errors ( + 15%) at A>50°. However, Greenhill et

al., appear to have underestimated the contributions to the

Vfcqunting rate from local production at higher 1atitudes; 80

“i that their observations should be decreased by 10-15 percent.

A normalization of the measurement in 1963 by'BoellaAet al.

© (1965a) to sunspot minimum increases it from 0.58 to 0.66
(cm2sec)-l. Even so, it is smaller than-the other‘values.

The data of Holt et al. (1966) are much larger at high latitudes.
' It, is not likely that these larger values arise from approxi-
mations used to extrapolate the neutron flux from the top %o

" the outside of the atmosphere. Similar approximations were made
by Greenhill et al., Boella et al., and Intrilligator (1968).

The differences in the experimental values of the neutron

. leakage flux at A;SOO may be explained by the uncertainty in

latitude dependence of the shape of energy spectrum in the in-
“terval 1-10 Mev. The form of the Lingenfelter spectrum is most

- probably correct below 0.1 Mev and above 50 Mev where the neutrons
reflect directly the energy spectrum of the protons and alphas
producing them. In the range 0‘1<En<10 Mev the Lingenfelﬁer is
“probably most uncertain and the change with latitude not well
known. Definitive experimental measurements in this interval
‘r‘are lacking. The results of Holt et al. (1966) at all latitudes
l;indicate that the neutron spectrum for 0.1<E <10 Mev is much
flatter than calculated by Llngenfelter (1963). fhe Lingenfelter

4
neutron 1eakage spectrums for 2<E <1o Mev at A = 0, 40, and 90°
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1.83 1.78

can be written as O0,5LE" ,.O{lQE-‘ , and 0.038E—l'76

(cmzsec Mev)-l.' If at A§70°, the neutron spectrum for 1‘0<En<

10 Mev were taken as 0.31E_l'30

~-1.5

sy for 10<En<100 Mev were taken
as 0.U48E , and the "hump" in the spectrum at about 0.2 Mev
reducéd along with a 20 percent decrease in the total neutron
leakage flux below 0.1 Mev, the experimental gnd calculated
values would agree much better. The change in shape of the
spectrum may be too drastic, but is closer to the present ex-
perihentally determined spectral data., The reduction in the
total flux below 0,1 Mev is within estimated errors in normal-
izing the calculated neutron flux (Lingenfelter, 1963). The
change in shape of the spectrum sbove 10 Mev is not important
because the total leakage flux in this interval is only ~10
percent and the moderated detector has a small response above

15 Mev, As a result of this change in the neutron leakage
spectrum, the mean efficiency S of our detector decreasesyto

3.0 cmz, so the neutron flux increases to 1.0 (em®sec) L,

For this Aodified energy spectrum the calculated total

neutron leakage flux is 1.27 (cmzsec)_l; Bince the fraction 

of neutrons with 1<En<10 Mev to the total flux increases

from 34 to 40 percent, the total neutron leakage flux esti-
mated from the fast flux measurements of Holt et al. becomes

1.2 (cmasec)-la Consequently, at AS50° there is agreement among
the experimental values within the estimated errors and with the
calculated neutron leakage flux., We do not suggest that this
explanation is necessarilty correct. It is a reasonable explana-
tion until better’gxperimen£al data‘are av;ilable on the neutron

Vo

o
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. energy spectrum in the interval 0,5-50 Mev, both inside and

e outside the atmosphere.

On the other hand, we lnterpret the very flat latitude
l:jcurve obtained byATrainor and Lockwood (196L4) as due to a
higher background counting rate than originally estimated
and too large a measured detection efficiency. With the
observed neutron latitude variation of about 5 to 1, a
background of 1.0 (min)~! for the equatorial counting rate

of 2.0 (min)-l would give & corrected latitude dependence of
10 to 1. The measured efficiency may also have been about -
25 percent too large. Applying these two cOrrections, the

" neutron leakage flux values essentially agree with the present

“results shown in Figure 10.

Conclusions

From these neutron leakage flux measurements we conclude:
1. The calculated (Lingenfelter, 1963) and measured total

flux values agree for A<50° geomagnetic latitude.

2, Above A = 50°

the measured flux is about 60 percent of
the calculated value at solar minimum.

3. At 1360° simultaneous measurements should be made of

| the neutron leakage flux, neutron and charged particle
energy spectrums to éeparé£e tﬁe heutron production by

galacfic cogmiéfrgysif:pmltpat?ﬁyfad;hr?particles.‘
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~ FLGURE CAPTIONS

" Figure 1

Schematic diagram of the He3

neutron‘deteéting‘system.
AR ,

:"Figure 2

. Schematic diagram of the electronics system for the neutron

. and charged-particle detectlng system.

& Figure 3

Neutron sensor mounted on the rocket payload with clamshell
. nose cone open.

e Figure U

3

Efficiency of the He~ tieutron detector system as a function of

- neutron energy. ©Solid curve is best fit to both UNH calibrations

and the response functions of Fraki et al. (1963) normalized as
! indicated in text. , :

Figure 5

- Directional response of the neutron detector. 0% is perpendicular
to the axis of the He3 proportional counter,

Figure 6

The gated neutron rate above the atmosphere for eight flights.

" The smooth curve is the calculated neutron leakage at solar
minimum (Lingenfelter, 1963) normalized to the experimental data
at the equator. The data points enclosed by the dashed lines
and at A = T70° are explained in the text.

Figure T

. The measured neutron leakage flux as a function of vertical cut-

off rigidity. The smooth curves are the calculated fluxes at
_solar minimum and maximum (Lingenfelter, 1963).

~ Figure 8

Coincidence counting rate vs charged particle rates at different
altitudes during flight 7 from Natal, Brazil.

- Figure 9

Integral proton flux as a function of rigidity deduced from the
 charged particle counting rates on flight 8 from Ft. Churchill.
- Errors 1ndicapgdﬂare_stapistiqal onl 1For details, see text.
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.~ Figure 10

- Measured neutron 1eakagevfluxiabové the atmosphére‘as a'function ‘
-~ of geomagnetic latitude.: The smooth curves are the calculated
fluxes (Lingenfeltgx,ﬁl9§3)@@ ‘“”‘ N R A \

°
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A FAST NEUTRON~GAMMA DETECTOR FOR SPACE RESEARCH*

R+ N. St. Onge and J. A. Lockwood
University of New Hampshire
- Physics Department ‘
Durham, New Hampshire

Summary

The unique features of this instrument are the following:

1) The charged particle shiqld (NE 102) uses only
two P. M. tubes.

2) The 47 charged particle shield encloses completely
the neutron-gamma detector, all P. M, tubes and
associated sensor electronics.

3) The pulse shape‘discriminator (P. S. D.) is passive
and miniature, with "M">3.1 at the Co®? Compton edge.

4) The separate spectra of neutrons (1<E520 Mev) and
gammas (l<Ey <7Mev) are extracted.

5) The I. F. C. (4% resolution) with P. 8. D. on NaI(TR &
Amzul) is also displayed with (4).

6) The quality of data is checked by parity bits, and data
are transmitted by a parallel, 'redundant FM~-FM TM system.

Introduction

Attempts to evaluate the cosmic-ray neutron albedo theory
as a sourée‘for the energetic protons trapped in the earth's
radiation belts suffer from a 1ack of expe:imeét#l data on the
fast neutron flux at the top of, and above,the atmosphere. Recent
experimental evidence of the absence of energetic alpha partidles
in the trapped radiation emphasizes the importance of absolute
meaéuremenfs of the fast neutron leakagg flux.l nThe signifi-
cance of gamma ray measureﬁentq in the Mev energy-range h;s been
cited in the literature.>

-~

We have designed a'recoil4pro;on fast neutron-detector

*Supported by the National Aeronautics and Space Administration
under contract NASr-164
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system using pulse shape discriminatidn, with a 4w charged
particle anticoincidence shield, to measure the neutron flux in
range 1-20 Mev, and the gamma ray flux from 1-7 Mev,

The neutron detector,as shown in Figure l, is8 a 5 x 5 cm.,
cylindrical NE 213 liquid scintillator with glass walls, wrapped
with crinkled aluminum foil for optimum light collection. The
neutron detector, assoclated electronic circuitry, and high
voltage power'supplies are enclosed within a 47 plastic
scintillator shield (NE 102) which rejeéts all energetic charged
particle events that could produpelneutrqna in the detector
system, |

. The shield, consisting of two hemispherical domes and a
straighc cylindrical section, is designed to optimize the light
collection from minimum ionizing events by using phoéomultiplie;s
(?. M.) with bi-alkalide hem¥sphericai‘photocgthodes (RCA-C701324)
inserted inta‘the plastic scintillator(Figure,l). A parallel
summing and coincidence circuit betwe;n'the outputs of two photo~-
ﬁultipliers insures a rejection ratio exceeding 104/1. This -
rejection ratio for the 4w scintillator eliminates the possibility
of counting neutrons or»éammas produced by energetic charged
particles. Pulse shape discrimination is ﬁsed on the liquid
scintillator so ﬁhat neutrons.can be identified'and separatéd
from gamma rays.

In this‘paper we shall report on the resulté'of tests oﬁ
the anticoincidence system used as a charged partiéle shield,
the pulse shape discriminating circuit for separating neutron

from gamma ray events, the on~board data processing, the

telemetry, and the ground station logic systems,
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Detector Systems

Charged Particle»Shield

The anticoincidence system necessary to identify incident
particles as either charged or neutral completely encloses the
central neutrqn and gamma detector. Thus, the measured neutron
spectrum should represent as ciosely as possible the true
neutron flux in the atmosphere or in space. Such extreme precau-
tion in rejecting charged particles, thch can produce neutrons
or ‘gammas in the sensor system, is necessary in view of the
large contfibutione locally produced neutrons or gammas make to
the total counting rate,

Ordinarily, a large 4m shield is not used because many
photomultipliers are required to detect a minimum jionizing
particle interacting anywhere in the system. It is also
difficult to contain many phototubes within the 47 shield
without the shield size becoming so lafge as to be count rate
limited by charged particle events. The large number of photo-
multipliers is required because flat-faced tubes are attached
-to the surface of the scintillator so tﬁat theFe is a rapid loss
in signal sttength for eVe;té ;t large distances froﬁ the P. M.
This can be.seen in Figure 2 where the P, M. signal is plotted
as a function of the distance between the tube and light source.
If the phototube design is changed to incorporate a photo-
cathode which is in the direct light path rather than being
located so as to require diffuse light scattering to divert
some of the light into the tube, the loss in signal strength
with distance to tﬁe event is reduced’coneiderably. The;efore,

we chose a hemiephefically faced P+ M¢ which could be inserted
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directly into the light path, as shown in Figure 1.

The 4v shield system can essentially be viewed as a large
light pipe, emphasizing the importance of primary total internal
reflection, Qecondary spectral reflection fo recapture light

losses from light cones ingide the total reflection angle, and

adiabatic curvatures, The simplest practical syétem is two
mating hemispheres, including only.one hemispherical P. M. inserted
into each scintillating dome, with a short interconnecting
cylindrical section between the domeaﬂ Further, it is required
that minimum ionizing charged particles passing through any part
of the shield be detected; and, since for minimizing ionizing’
events, the ;nergy loss in traversing the shield is directly
ﬁroportional to the shield thickness at the point of entry, we
~can make a further modification in design to reduce light, losses
between the scintillation event and the photomultiplier. This
design modifiqation has the shield thickness compensatingly

. greater at larger distances from the phototubes. , Thus, the
particle generates a larger light signal farther from the
photomﬁltipliers, which compensates for the light attenuation.
Since this would require a surface too complicated to be
fabricated easily, a simple workable solution is to offset
 slight1y the centers of curvature of the inside and outside
surfaces of the hemispheres,

To use such a 47 shield system to the fullegt advantage,
the associéted eléctronics has been designed to ihciude‘parallel
summing and coincidence circuits (Figure 3). Norﬁally, each of
the two P. M. tubes viewing the shield are connected to separate

lover level voltage discriminators, adjusted.to be just above
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the phototube noise, and the output of each voltage discrimina:or:
then fed to a coincidence ciréuit, generating the anti-coincidence
gate signal for the internal n- detector. If we consider

.the éttenuation of the light pulse traverqing the shield to

either of the phototubes, we reallize that a scintillation
occurring very neax one of the two tubes may fall to txiggor

the coincidence circuitfbecause t?ere is a lqng optical path to
the other P.‘M. However, to miniﬁize such events, we add a
parallel summing circuit which has a’ioltage discriminator set
‘to a level much higher than the threshold of the coincidencé
circuit. Thus, scintillations occurring near any P. M. would,
because of the short associated optical path, deposit a'Very

. large signal in thiq near é. M. and easily trigger the voltage

.discriminaﬁor'of ﬁhe‘summing cirecuit, but possibly fail to
trigger the parallel coincidence circuit, Obviously, the other
extreme is a scintillagion occurring midway £etween the two P. M.
tubes, in which case simultaneous signals from the tubes would
trigger the coincidence circuit; but possibly fail to trigger the

:vbltage discriminator of the parallel summing circuit.

Neutron-Gamma Detector

~Since the anticoincidence shield eliminates the chatgeé
'p;rticle'component, the organic liquid scintillator must
identify and separate the types of neutral partig}e events.
This is accomplished by pulse shape discpimination‘of.the organic
liquid (NE 213). Since these neutrals are predominantly neutrons
and gammas, we designed the pulse shape discriminator to allow the
simultaneous'extractibn of,the separate epectra'of‘gémma ﬂ'§ and

neutron (n) events'
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Many methods of pulse shape discriminating are available in
the literature, but all known methods are sevqrely limited by
the use of diodes and transistors. The dynamic range is usually
limited, and the electronic system is complicated, massive, and
power consuming for application in space flights. The novel
method designed for this experiment is of wide dynamic range,
passive, and miniature. The puls? shape disérimination is
accomplished with only one detector input feeding a fast pulse
transformer. The pulse transformer has a paif of outputs, each
180° out of phase. One pulse of thié output pair is differentiated,
then recombined with the other pulse so that they interfere. The
resultant is defined as the (dL/dt) pulse. A second pulse is
taken simultaneously either from a different transformer output
or from another P, M, .output. This second pulse'is integrated. to
allow the usual energy unfolding, and is designated the {ngt)
pulse.

The entire spectrum of particles is displayed with a two-
dimensional plot of the (fidt) ve. (dL/dt) pglses where each
curve represents a different particle type. F%gure 4 shows a
two-dimensional 'cantour diépla§ for an A&-Be neutron and gamma
spectrum. For a relative comparison of the many pulse shape
discriminating systems, we havé plottgd in Figure 5 a one-
dimensional section through the two-dimengional spectra at thef
0060 Compton edge (50% poinﬁ). The telative separation‘ofy
and n events is best described by the "M" value, the peak to
peak separation'divided by the sum of the two full-widths-at~-
half-maxima kFWHM). The spectrum of Figure 5 has a "M" value

of greater than 3.1.
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Since it was necessary for the n»r\ﬁetector and associated
électronics to have an in-flight calibration (I. F. C.) in order
to check stability, two different‘methods were initially developed.
It was also considered necessary that the I. F. C. be such as to
cal?braté the NE 2:3 scintillatér aloﬁg with the successive
systems for both thé (SLdt} and the (dL/dt) pulsés. Since
the P. S. D. was able to separate o from both n and vy, and since
the anticoincidence system would Aot "leak'" an external aj.the

I. F. C. was designed around an o emitting isotope, Am241. The

first method tried was to .use an organic-metal salt of Amzl'1
which was completely soluble in the Xylene solvent of NE 213.

241

Although the Am salt neither quenched the scintillator nor

degraded P, S. D., it was found to exhibit only marginal o
separation and too small a pulse height relative to the n pulse
height.' A.possible explanation may be the 60 Kev y, emitted
‘in near coincidence with the a. A more.satisfactory method of
I. F. C. was found by coupling two different types of scintilla-
tors, one organic‘and one inorganic; the latter of which was doped
with a radioactive salt of Amzu.'.3 ‘A very small NaI(Tl,Amzal)doped
scintillator was found to give excellente P. S, D. from the n and

vy, and to be of sufficient pulse height so as to form an I. F. C.

with v47% resolution in both the (det) and (dﬂ/dt) P. H. A.

*

On Board Electronic System and Ground Decoder System

Since the expected total countihg rate of the detector
will be lésa than 10 counts per second, one may apply noise

deéetecting and correcting logic to the system. " This low count
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rate will permit adding reliability to the information trans-
mitted. Thé data to be pdlse.height analyzed is two parameter:
(%%)} (}ldt). .The flight electronics, therefore, consists'of a
pair of logarithmic analog to digital converters. Single error
detection is‘incorporated by the use of a parity bit for the

transmission of this pair of words. Furthermore, to offset the
possible contamination of the pulse coded data in transmission,
‘a redundant, one bit width delayed transmission is sent at a

different subcarrier frequency. This same fixed delay is added
to the received telemetry, but in the other subcarrier. :his

¢

allows a'aimplé electronic comparison check of the transmission,

immune of R. F. noise.
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A Simple High Resolution Pulse Bhape Discriminator
R, N. 8t. Onge and J. A. Lockwood
' University of New Hampshire

Physics Department
Durham, New Hampshire

ABSTRACT

A pulse shape discrimination éyetem has been developed
wvith the following characteristics: high multi-particle
resolution (Mm3), wide dynamic range (1 < E < 30 Mev),

éimplicity, passiveness, 8thbility, high-count-rate capa-
'bility (> 50 KHz), built-in calibration, minimum weight

(< 20 grams) and lov power consumption. This system simul-
taneously extracts the separate gamma-ray and neutron pulse
height spectrums. The sample data presented vere obtained
with NE213 liquid scintillators, RCA 8575 photomultipliers,

and two parameter pulse height analyzers.
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A Simple High Resolution Pulse SBhape Discriminator

Introduction

In experiments to measufe the fast neutron energy
spectrum at the top of the earth's atmosphere, itlis
necessary to separate the neutron events from the
Y-rays, assuming the usual anticoincidence charged parti-
cle shield is iqcluded. The puise shape discriminating
system to be described provides good separation of neu=~
trons from gamma rays over an extensive energy range.

For y-rays the energy resolution obtained with the or-
ganic liquid scintillator is good enough to determine

the energy spectrum of the y-rays. The data display
method permita the simultaneous determination of both the
neutron and y-ray pulse height spectrums. This pulse
shape discriminator (PSD) has been used to measure the
neutron and y-ray spectrums in the atmosphere with bal-
loons and will be incorporated in é forthcoming series of
rocket flights to evainate the energy spectrum of the
cosmic-ray neutron leakage flux;

The requirements imposed and successfully realized

in the design of the PSD were (1).unamb1guous simultaneous
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identification of ﬁqth pqrticle energy and particle type;
(2) wide dynamic r;;ge (neutrons, 1 < E < 30 Mev; y-rays,
0.5 < EY < 10 ﬂev; (3) simplicity; (4) use of passive
circuit elements ror high temperature stability and low
power consumption; and (5) minimum sensitivity to photo-
multiplier (PM) gain changes. Present PSD methods do not
meet all these criteriea simultaneously. for exgmple,’the 7
many methods suggested by M. Forte et al.l!) use fast diodes
‘which have inheréntly poor temperature characterisfics and
a limited useful dynamic range. The PSD of F. D Br;okez),
and later of W. Daehnick and R, Sherr3d), is very difficult
to adjust over a wide dynamic range, is quite sensitive to
anylPM gain changes and only.the neutron channel is directiy
displayed. The space charge saturation method first em-
-ployed by R; B. Owen")’, and later by R. Batchelor et al.’%) ‘
and H. W. Brock and C. E. Anderaonc), has a very limited
dynamic’range. The method éf T. K, Alexander'and F. S.
‘Goulding’) is very'complex., Zero crossing\methodsl,e) are
also qﬁite involved. |

'In this ﬁaper we will describe the PSD circuit, the
-hethod of incorporating an 1n-fligﬁt calibrator into the
h-v detectihg ayatem and typicai‘PBD sepnrations‘of protons

from electrons.
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~Description of the PSD Circuit

Since different particles in tpavérning some scintil-

1utqrs lose energy b& exciting the electronic transitions

of orcnnio mqleoulou in & unique menner, the nuclear partie

cle typé and energy can usually be simulteneously identi-
fied. The excited scintillator subsequently radiates this

enérgy in a particular combination of modes uniquely de-

‘pendgnt upon the particle type and its energy loss?),

Discrimination among the different types of particles in a

scintillator is usually made'by comparing the amplitudes of '

the fast component to total output of all the decay modes

for each particle typel?), ‘Although it is expected theo-

rétically that the optimum comparison would be between the

~ amplitudes of the fast and the slow components, the system

to be described will compare the slow to the total inte-
‘ grateQ amplitude of all decays, The reason for this

method of-comparison lies in the saturating, non-linear

characteristics of the PM, i.e., very fast, high intensity

'~'decaya,cannot be faithfully followed because of space

charge saturation. Thus, the use of theée distorted fast
decays would cause a greater diaﬁeraion in the particle

separation., Also, the use of the total integratéd signali
aerves:a duallpurpose. First, tbe heéesaury‘pulée height

spectrum can be simultaneously gttracted from it. 8econd,
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since the total integrated signal must alwaya'be greater -
thgn either its fast or slow component at the same PM out=-
put, the total fntegrated signal may be picked off at an
earl&er dynode to avoid any subsequent space churse'lntu-
ration. Hence, practical considerations dictate the com-
parison of the slow to the total pulse amplitudea.

The basic ldea of the PSD is the ﬁartially destructive
and constructive interference of a pair of electronic
pulses derived from one PM detector pulse. This one ori=-
ginal pulse may be taken eiﬁher from a dynode or the anode
of the PM., The particular method of obtaining this pair of
pulses from one pulse uses a 508 miniature fast pulse
transformerll) connected to thé 500 anode output of an
RCA 8575 PM as‘bhown in Figure 1. Such a device will pro-
duce two identical, conjugate, 180° out-of-phase, unipolar
pulses from one input pulse, i.e., opposite polarity, but
exactly in time phase. These two opposite polarity pulses
are then operated upon separately and subsequently recom-
bined to interfere. The summing operation can be carried
‘out in either of two methods: a éimple.resistor summing
netwvork or anothe;'two input, non-invgrting fast pulse trans-
former.

Either the first or the second operation (as shown in
Figure 1) can be dhogen to suit the particular sciniillator or PM

characteristica. Buch operations might be: RGO differentiation,
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Vﬁc’integration, delay, clipping, stretching and identity (no
operation).

The particylar palr of opeiations chosen for the fast
organic liquids such as Nuclear Enterprises 213 or 222 were
RC differentiation and identity, indicatéd schematically in
Figure 2, One pulse is RC differéntiated with a short time
constant, thus producing a Ei-polqr pulse, The other pulse,
of opposite polarity, is added to interfere appropriately and
thereby cancéi the first part of the RC differentiated bi-
polar pulse., 8Such a cancellation produces an extremely shape
sensitive output without the use of any non-linear devicea[
The unipol@r output is finally integrated before it enters =a
preamplifier. Since this pulse is related to a differentiation,
it is conveniently defined as the (dL/df) pulse and is partie-

cularly dependent on particle type.

Simultaneously a pulse is taken from another dynode,
integrated for several decay times, and then amplified. So
this pulse is defined as the SL dt pulse and is related to

particle energy.

The two pulses (dL/dt) and SL dt are plotted against
each other on a two-parameter field to realize the particle

separation. This display method is Qimilar to that used by

dE .

ax x E detector systems,
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The entire PSD circuit designed for space use
weighs less than 20 grams and is less than 5 cm in
diameter whgn mounted on a single printed circuit

board. It has been used with the RCA 8575 PM oper-

_ated at negative high voltgge.A A preliminary layout

is shown in Figure 3. There is no limitation to the

size reduction possible, but since stray capacitance

is important, optimization would be necessary with
eéch redesign.

Results

Figure U4 is a two-dimensional low-level contour

display of (dL/dt) vs 'YL dt for the neutron and y-ray
apedtrnma from an Am-Be source. The Cob0 Compton-edge
pulse height corresponds to an electron energy of 1.1

Mev or of recoil protons of about 3 Mev. For a rela-

tive comparison with the many PSD systems, we have

plotted'in Figure 5 a one-dimensional section through

a tvo-dimensional spectrum at the 0950 Conpton edge

(50% point). The relative separation of y and n events

is best described by the M vdlne, defined byl?)

M=

ST+ 65 ° vhere A_é peak-to-peak.aep?ration

84



and §; and 6, are the full vidths at half maximum for
the two peaks. For the data shown, M = 3,1,

We find that M values of 2 can be obtained down to
proton energlies of about 1 Mev., On the other hand, the
upper 1limit can be extended to greater than 15 Mev with
no apparent decrease in M., Moreover, the actual dynamic
range is limited, not by the PSD itself, but by the
characteristics of the amplifiers and pulse height ana-
lysers following the PSD,

The test results from exposing the actual balloon
flight unit to the 14 Mev monoenergetic output from the
(d,t) reaction and to a Cob0 Y-ray source simultaneously
are shown 1n Flgure 6: The neutron energy range is 1 to
15 Mev and with a gain change can be increased to 30 Mev.
Contours of full width at half maximum (FWHM) are plotted.
The co-ordinate system is non-linear to make optimum use
of the pulse height analyzer range, assuming thht the
neutron differential energy spectrum at the top of the
atmosphere can be crudely represented by K/E.

Two methods of in-flight calibration‘(IFC). both of
#hich used alpha particle sources, were tried. These were
designed about @he concept of a hn-enclosing, anti-
coincidence, charged particle shield!?), This.allows the

inner, enclosed KE213 detector to "observe" only neutral

85
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radiation. Since external alpha particles would normally be'
excluded, tﬁe a-particle region of the two-paraﬁeter display
can be convenieqﬁly uséd to diéplay the output from an ine-
ternal a~particle IFC,

The first method involved a radioactive alpha-emitting
salt of Am2%1} ;;mpletely soluble in NE213 and yet not
detrimental to the PSD property of the scintillatorl"),
Although this approach was successful, ft was not useful in
this apélica@ion becaase the light output obtained by alpha
particle excitation of the organic scintillator was too small
vfelative to neutron excitation in the energy range of interest.

The second IFC method used a small chip of NaI(T1) 1ight‘
pulserlS doped with }\mz"ul (4% mm diameter x & mm long). The
pulse shape eeparatipn with such a technique is exceptional
because the much slover decay time of NaI(T1) is easily dis-
criminated from the fast organic (NE213) decays, i.e., the
PSD system is oﬁerating'aa a phoswich!®),

The pulse heights from the scintillator for the IFC can
be adjusted by changing the.eize of the exit aperture on the
crystal face of the miniature light pulser. The allocation
of PHA area to the pertinent energy region of interest can be
optimized, yet an a~IFC peak can b§ retained in the adjacent
region. The output from such an IFC is shown in the upper

_ right-hand portion of the dL/dt vs ~)'r. dt plot in Figure 6.
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Improved energy resolution in the IFC can be obtained
by using a stronger source. In this flight unit the

telemetry system limited the counting rate of the IFC
source to ~kh gea"}, |

Discussion

Although this method has the obvious disadvantage
of requiring a two-ﬁarameter PHA, one can obtain ex-
cellent n-y separatﬁon (M=23) over a wide dynamic rangé
(1 < E < 30 Mev) at relatively high count rates

(> 5 x 10* sec™!). No effort was made to go to neutron

- energlies lower than one Mev, nor has the upper limit

been explored. KNo adjustment of the PSD is needed for

. changes in any of the following: individual character~

istics of 8575 PM tubes, high voltage value, type of

PSD liquid scintillators, or particle energy.

1

In conclusion, this PSD system has the advantage
of simplicity, passiveness and miniaturization. It

operatee'ove: a wide dynamic range with high resolution

- and makes possible mnultiple particle pnlae'ghape dise

crimination.
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Figure Captions

Schematic diagram of the PSD operations.

PSD circuit diagram

" PSD mounted on microstrip

Two parameter (64 x 6h) lov-level contour display
of the Am~Be n-y spectrums.

Single parameter cross-section for Figure b
at the energy equivalent to the Co®% Conpton

edge.

Two parameter (6h x 64) contour display of

1k Mev neutrons and Co%? yeray spectrums

for flight unit,
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A Total Enclosing Active Charged Particle Shield

/

R, N, St, Onge and J, A, Lockwood
University of New Hampshire
Physics Department
Durham, New Hampshire

In order to measure accurately the neutron and gamma-
ray fluxes at the top of the atmosphere, it is necessary to
surround the neutron and gamma-ray detector with én anti-
coincidence charged-particle shield. Since the ratio of the
neutron or y-ray flux to the-charged-partiéle flux is smell,
the shield must be very effective (> 99.9%) in rejecting mini-
~ mum ionizing charged particles. For a series of balloon flights
we have designed a Ul active charged-particle shield, which
operates in anticoincidence with the enclosed neutron detector.
Neutrons are separated from y-rays in the inner detector by a
simple pulse-shape discriminating (PSD) circuit!,?)., The
entire shield has a minimum total mass for the given internal
volume and uses only two photomultipliers, both located within
the volume of the active shield. The adiabatic light piping
concgpts used in the shield to minimize the lighi'attenuation
from unnecessary corners insures excellent charged-particle
rejection. Only simple logic circuits are required in. the

associated electronic system for count rates 103 sec”?,
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The general shape and size of the dome are indicated
in Figure 1. Two hollov plastic scintillators (NE102), which
~are hemispherical sections, are optically mated with a hollow
cylindrical section of the same material., A photomultiplier
(RCA CT0132A) with a curved photocathode is optically potted
into the inside of the top section, with the same arrange-
ment in the lower half-section. The effects of both total
internal reflection (TiR) and spectral reflection (SR) are
successfully combined in the éhieldvdesign. TIR is first used
to gather the scintillation light falling within the acceptance
angles defined by Snell's lav. Secondly; SR from the crinkled
"aluminum foll, loosely wrapped around-the entire dome, re~
channels to the photomultiplier that light failing to meet the
initial TIR critical angle. Diffuse white paint is applied
directly to the outside of the dome areas near each PM to\dif—
fusely scatter more light into the PM cathodes.

The outputs from the two photomultipliers are fed
separately into parallel sum and coincidence logic' (Figure 2).
This insures operatioh under the worst situations where parti-
cleg do not traverse entirely through the dome, i.e., enter
but do not exit. Two such extreme situations will be des-
cribed. First, if a charged pqrticle passes through the dome
wall near either PM, there will be a very large signal gen-

erated at that PM, However, there may be no detectable
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signal at the distant PM. Thus, the coincidence circuit would
probably not be triggered. On the other hand, the summing cir-
~cuit, which is foilowed by a voltage threshold discriminator
will recognize the very large signal (near PM) added to the very
small signal (distant PM). This large signal in the summing
circuit triggers the associated lower 1evel discriminator. Such
"an event would not be reliably detected in the normal coinci-
dence logic. The second extreme situation will occur when a
particle enters the cylindricael section about equi~distant from
the two photomultipliers and generates small, approximately
.equal, signals in the two photomultipliers. Hence, the lower

- level discriminators before the coincidence circuit, which

have been set at a lower level than for the summing circuit,
are simﬁltaneously triggered to generate a coincidence gate.

In this latter situation, the summing network may also super-
flously generate a signal from its associaped lovwer level
discriminator. However, in this case, definitive gating is
provided by the coincidence circuit.,

Other events produced by particles not traversing the
dome will be a combination of the above two extreme cases. 'For
'most cases where the charged particle penetrates completely
through the dome the gating is provided by thé’éoincidence logiec.

'Then, the summing circult profides redundancy.
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This design is based essentially upon the shield thick=
ness being compensatingly greater at larger distances from the
phototubes. Consequently, the particle préduces an appropri-.
‘ately larger signal farther'from the'phctotubes. Further, thé
light is adiabatically guided to concentrate upon the small
region of the PM cathode. To provide this light generating com-
pensation, and yet facilitate manufacturing, the centers of
curvature wvere pffset for the inner and outer spherical surfaces.

For an initial design criterion we can write:

Sum voltage pulses V(PMy) + V(PM,)

£,(X) g1 (X) + £,(X) g5 (X) = H,

where k = distance (cm) along the light path from the
particle entry point to the particular PM,
fl(x)= thickness function for particle entry at X;,
/"gi(x)= attenuation function for light to travel
| from X; to PM;,

H = a constant independent of X.

And the attenuation was taken to be:

g(X) = K exp(-X/20), so that the thickness

function £(X) = g(x)~1 = K™! exp(x/20).
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This function for a single PM is plotted in Figure 3

over the necessar¥ range of X. Then as a first apﬁroximation
for the thicknesses in the dome of a 25 c¢m diameter, the nec-~
essary ratio of the maximum to the minimum thickness was
taken as ~3/2. This is one-half the ratio shown in Figure 3
because two PM's are summed in the flight unit. Since the size
of the PM cathode required a minimum dome thickness of about
"1.11 om for adequate strength near the PM, the maximum wail
thickness at the center section must be about 1.59 em, which is
accomplished by a center offset of 0.48 ecm (Figure 1).

After construction of the shield, the experimental re-

241

sponse of a single PM to the position of a Am Integral Light

Pulser3d) was measured to be approximately:
£(X) = 1.18 exp(-X/2) + 0.15 exp(=~X/50)

as shown in Figure 3. The added first term in £(X) is related
to the initial‘rapid change with X of the solid angle subtended
'by the source at the PM, neglected in the original design. The
second term exp(-X/50) is the normal exponential light attenu-
ation of the curved material.

Based upon this measurement, we can improve the original
design. However, since the exact inverse of f(X) is not a
simple funétion, it is difficult to machinelthe shield to con-
form to'f(x)-l. But as a8 best approximation,fthe.ratio of
maximum to minimum thickness could be made equal to the fraction-

al loss by transmission for the near to the far light paths,



101

From Figure 3 this is 5.2, which is ﬁwice that for two PM's,
Thus, the secondfgenerapion of charged-particle shields to

be built should have a maximum thickness of 2.5h’cm with a
minimum of 1,11 e¢m which can be obtained by a center offset of
1.11 em.

Some n-y detécting systems have used one photomultiplier
to view both the n-y detector and the charged-particle shield.
‘Such a shield only encloses the n-y scintillator against secondary
production and not the associated PM or electronics. A pulse~
shape discrimination (PSD) circuit separated neutrons from
yYy-rays in the inner detector and a phoswiching technique“’s)
gates off the n~y detector whenever a charged particle passed
through the thin phoswich shield. With such a scheme, it is
very difficult to provide the necessary high resolution, unam-
biguous scintillation light to the PSD system which is required
to separate the neutron and gamma-ray spectras). Seintillations
in the phoswich (charged-particle ahield) and in the internsl
scintillator from neutrons and y-rays become obtically mixed.
It is then difficult to decompose the light combinations %o
distinguish the neutrons from the y-rays, as well as from fhe
charged particles.

.Conversely, if simple flat-sheet scintillato;s‘are
shaped in a box, many PM's are required to provide excellent

charged-particle rejection. If,the PM's are placed inside, the
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box must be larger than with the dome design., Such a large
shie;d will have/high-g§unt ratea and consequently large dead'
times. Alternativeiy, the PM's could be placed outside, but
thia would increase the cosmic-ray produced secondaries and
distort the ambient neutral particle spectra.

We believe that this represents a considerable advance
in the desién and operation of charged-particle shields for
. neutron and gamma-ray experiments. A recent balloon flight of
several hours duration has shown that the original design is
‘adeQuate. It is importaent to note that this minimum maés shield(
would not work reliably without both the concept of non-uniform

thickness and the parallel sum~coincidence electronic logic.

We acknowledge the assistance of Messrs. Edward
Nickoloff and Pavid Klumpar, in various stages of this iﬁvesti-
gation. Also, we are grateful to Mr, David Forrest for
valuable discussions concerning shielding methods. The dome
was manufactured by Nuclear Enterprises, Inc., under the
cooperation and guidance of Mr., John Heaﬁh. This research was
supported by the National Aeronautics and Space Administration

contract NASr-16h,
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Figure Captions

Figﬁre 1 Charged particle shield.
2 Schematic of charged-particle electronics system.

3 Transmission dharacteristics»of the charged-particle
shields. ‘
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The Energy Spectrum and Flux of PFast Neutrons
in the Atmosphere

/

R. N. St. Onge* and J. A. Lockwvood
Physics Department, University of New Hampshire
Durham, New Hampshire 0382k

ABSTRACT

The energy spectrum of fast neutrons (3-20 MeV) in

the atmosphere at,the Pfotzer maximum (~100 g/cm?) was

measured at geomagnetic latitude h2?N (Pc = 4.4 GV). The
n-y detector was a 5 x 5 cm diameter cell of organic liq-
uid scintillator (NE213) coupled to a high-resolution,
two-parameter, multiparticle pulse-shape discriminator
(PSD) with a two-parameter (64 x 6k4) logarithmic pulse-
height analyzer. An anticoincidence charged-particle
shield completely enclosed the n~y detector. The spectral
parametef B(E) of the differential neutron energy spectrum
decreased smoothly from L.0 % 1,0 at 3 MeV to 1.2 £ 0.7
at 20 MeV., The integrated neutron flux at Pfotzer maxi-
mum between 3.5 and 10.0 MeV ves 0.36 + 0.10 neutrons/cm?
sec., The implications of these results for the high-energy
albedo neutron leakage as & source of the energetic proton

flux in the radiastion belts are discussed.

* Present address: Physics Department, Michigan State
. University, East Lansing, Michigen
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I. INTRODUCTION

Néutrons in the earth's atmosphere are produced by
fhe interaction of both galactic and solar cosmic rays
with air nuclei. An investigation of the energy spectrum
and flux of the neutrons from both of these sources is
important for several reasons: (1) an energetic neutron
diffusing out pf the atmosphere can decay into a proton
and electron within the magnetosphere and then these may
be trapped by the geomagnetic field to contribute to the
radiation belts!; (2) the capture of neutrons by atmos-
pheric nitrogen is responsible for the production of the
age-dating nucleus C!* through the reaction Nl%(n,p)cl%;
and (3) the neutrons are genetically related to the lower
portion of the energy spectrum of the galactic cosnic
rays. A”comprehensive review of atmospheric neutrons has
been given by Schopper et al.Z.

Any evaluation of the contribution maede by the neu-
tron leakage (1) to the population of energetic protons in
fhe inner radiation belt depends upon a kno#ledge of the
neutron energy spectrum and fiux at the top of, or above,
the atmosphere. Calculations have been m@de of the in-
tensity and energy spectrum of the neutron leakage3d™ 5,

Dragt et al.® end Hess and Killeen’ have used these
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calculations to determine quantitatively the contributions
to the radiation belts. These calculated results agree
that this source‘mgqhanism ;s inadequate for trapped
protons with E < 20 MeV and for protons with E > 20 MeV

is probably an order of magnitude too esmall.

Direct experimental evidence on the neutron energy
~spectrum near the top of the atmosphere 18 essentially
limited to measurements of Haymes®, Holt et al.?, Bairad
and Wilsonl®, Mendell and Korffl!, Zych and Fryel!2, The
results of Zych and Frye in the energy range 12 < En <
100 MeV were obtained with a spark chamber. The other
measurements were all made with recoil-proton detectors
using & combination of phoswiching and pulse-shape
discrimination (PSD) to separate neutrons from gamma-rays
and charged particles.

The présent experiment was designed to measure the
neutron energy spectrum and flux in the energy interval
3-20 MeV. The neutron detector utilized a separate
.charged-particle rejection scheme and a two;parameter
display system for the PSD which separates gamma rays
from neutrons., 1In this article the neutron energy spec-
trum and flux measured during a balloon flight on
7 September 1968 from Palestine, Texas, are presented
with some discussion of the novel‘experimenta;.techﬁiques

used.
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II. EXPERIMENTAL SYSTEM

A major diff;cglty encquntered in determining the
'secondafy neutron decay population in the atmosphere is
to reliably detect s small flux of fast neutrons in a
much larger background flux of gamma rays and charged
particles. To accomplish this, the counter logie firqt
separated the particles into two groups: charged and
neutral. Second, the neutral particles were separated
into their predominant components: gamma rays and
neutrons. IExperimentally the charged particles were sepa=~
rated from the neutral particles by placing the neutron
and gamma-ray detector inside a thin, hollow, Lll-enclosure
of plastic scintillator. The neutral particle detector,
contained within this closed shell, was gated off when-
ever a chafged particle passed through the shield. The
n-y detector separated the gamma rays and neutrons by
means of/%heir different light-pulse shapes in an organic

liquid scintillating cell.

A. The Charged Particle Identifying System
The hollow, Ull, charged-particle anticoincidence
shield of plastic scintillator (NE102) is shown in Figure 1.

It was monitored by two photomultifliers with hemispherical
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photocathodeés (RCA CT0132A). .The wall thickness of the
shield was greater at larger distances from the photo-
tubes to allow part;clea which enter the shield farther
from the photomultipliers to generate a larger scintil-
lation. This compensates for the‘greater light attenu=~
ation in the scintillator for these events.!3 . For the
most effective use of such a U4l shield the parallel sum
and coincidence logic schgme shown in Figure 2 was in-
cluded. This unusual precaution allowed detection in

the important situation where a high-energy charged partie
cle enters the shield, interacts within it, but does not
subsequently leave the shield. In order to ascertain
quantitatively the gejection efficiency of the shield for
charged particles, a preflight test with cosmic-ray sec-
ondary muons was condupted. The measured effectiveness
was greater than 99.9%. The limitation on the measured
effectiveness was due to spurious events occurring during
the long/time intervals required when using the secondary

"

cosmic-ray muon beanm,
B, The Neutral Particle Ccmponent n=y Identifying System
The n-y separation was made by the pulse-shape dis-

crimination of an organic liquid scintillatori(NE213)

viewed by a fast phtomultiplier (RCA 8575). . The PSD
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systeml“ compared the integrated scintillation light yield
(/L dt) with the slow-decay component of the scintillation
(dL/dt) in the cylindrical liquid scintillator of k.6 x
L.65 enm diame;er. The photomultiplier (PM) pulses were
fed to a high~resolution, multiparticle PSD and were subse=-
quently analyzed and digitized by a logarithmic, two-
_parameter (64 x 64) pulse-height analyzer (PHA). The ef-
fectiveness of the PSD fo? separating gamma rays and neu-
trons can be seen gquantitatively in Figures 3 and 4. 1In
Figure 3 the two-~-parameter PSD data from an AmBe neutron
gamma~ray source are plotted for a laboratory prototype.
The scale in Figure 3 for both 4L and L channels is‘
different from that used in the actual flight. Figure b
is obtained by taking a section of Figure 3 at the SL dt
value for the Co®0 Compton edge from 1l.l7 MeV gamma rays.
It should be stressed that the effectiveness of the PSD
circuit to separate neutrons from gamma rays over a wide
energy réhge is one of the most important fgctors in de-
termining the neutron energy spectrum in the atmosphere.
An inflight calibrator (IFC) was incorporated into
the neutron detector by optically coupling to the NEZ213
scintillator a small (*“3 x 3 mm diameter) crystal of
NaI(TZ') doped with a radioactive salt of the alpha emitter
Am2%1, . The much slower NaI{TR%) scinfillétionstreaulting

from these doped alpha particles were readily pulse-shaped
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discriminated from the neutron and gemma~-ray events as

shown in Figure 3.
III. MEASUREMENTS

The raw data from the balloon flight, recorded from
b.7 Km (541 mbar) to 19.2 Km (62 mbar), are shown in
.Figure 5 as a two-parameter (fL dt x dL/dt) pulse-height
| spectrum. It can be seen that the PSD system separated
four different scintillation pulse shapes. These cor=-
rgspond to Compton eiectrons, recoil protons, alpha
particles from (n,a) reactions and from the IFC. The
first three groups of secondéry particles result from
neutral particles, either neutrons or gamma rays, inter-
acting in the organic scintillator with hydrogen or car-
bon nuclei. ' The Compton electrons arise from gamma-ray
interactions with atomic electrons, and the recoil protons’
are produced by ﬁ(n,p)n‘ and C!'2(n,p)B!2 reactions. The
alpha particles are produced by C!2(n,a)Be? and ¢!2(n,30)n”
reactions., Each of these secondary charged particles was -
considered in deriving the neutron energy spectrum. The
group marked IFC in Figure 5 corresponds to Am241 a-particle
interactions in Nal. .

The individual groups of particles (e,p,a,IFC) sepa-
rated in’Figure 5 were extracted to obtain pulse-height

spectra., However, since the data shown ‘are the average
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over a large range of altitﬁdes (541-62 mbar), the pulse-
height spectra were examined for changes in Bpectral shape
with altitude. JNone were found. An analysis of the IFC
data indicateé that the galn of the two-parameter system
‘and the counting rete were staeble to less than 3%. There-
fore, the data were scaled by an appropriate constant
(L.42) to the count rate that was measured at the inter-
mediate altitude of the Pfotzer maximum (~100 gm/cm?) to
establish a base for comparison. The relative count rates
obtained for the Compton electrons, recoill protons and the
neutron-produced secondary alpha particles were 142/10/1.
The importance of these relative counf rates and spectiral
shapes will be discussed later.

The pulse-height spectrea of alphas, protons, and
Compton electrons are shown in Figures 6(a), (b), and (c).
Then, the pulse-height spectrum for protons (Figure 6(a))
was ponvertgd to the recoil-proton energy'spectrum shown
in Figure'T. This conversion involves correcting for the
non-linearity of the flight pulse-height andlyzer, for the
dependence of scintillation light yield wupon energyls, and
for second scattering and wail effectsl®, For example, the
channel width of the logarithmic PHA was 0.05 MeV at
&hannel number 10 (3.6 MeV) and 0.50 MeV at channel
number 60 (15.0 MeV). Consequently, the number of proton

recoils per MeV was much larger in the lower flight channelsy
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Then the method of Broek and Anderson!® was used to obtain

<«

the Pfotzer maximum neutron energy spectrum shown in Figure

8. In this method the derivative d/dE(de/dE) as a function

'

of Ep was evaluated from Figure T. Then the neutron energy
spectrum (dN/4AE) as & function of energy (E) was calculated

fronm

dN_/aE = = - f r d/4aE(an_/aE) F(E)"! £(a,n)"?t

H'H

where a(E) = (ncoc + nHoH) is the total effective cross-

section in the scintillator, L = the length of the scintil-

lator, F(E) = correctiqn factor for second scattering and

wall effects, and f(a,L) = correction factor for the
neutron flux attenuation in the scintillator., Typically
F(E) = 1,10 at E = 1.0 MeV and F(E) = 0.95 at E = 20 MeV!®,
The correction factor f{a,L) was closer to unity.!”

Since approximately one half the nuclei in the scintil=-
lator were carbon, an analysis qf the effects of the carbon
nuclei was necessary. There are twoktypes of reactions
with carbon that are important, !2C(n,p) and !2C(n,a).

The first reaction will produce a proton which complicates
the unfolding procedure because the Broek~Anderson method
was based upon protons from H(n,p) reactions only. The
relative proton contamination can be estimated from the
12¢(n,p) cross sections given by Kurzl®. and the atmos-

pheric neutron energy spectrum of Lingenfelter!?; it is
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less than 3% of the protons from the H(n,p) reaction for
protons of equal energy.

The poss}ble contamination due to the second reaction,
1ZC(n,a).', was similarly estimated. There are two reaction
channels through‘which these alphas are produced:
¢l2(n,a)Be? and ¢!2(n,3a)n”. For the atmospheric neutron
energy spectrum, the first reaction predominates. The
alpha contamination from ¢12(n,a)Be? was found to be about
7% of the protons from H(n,p) for particles which yield
equal integrated (fL dt) scintillations. In the flight
date we were able to extract separately the secondary
alpha particles'from the recoil protons., We found that
the relative alpha particle contribution was approximately
10%, which was in good agreement with the estimated contri-
bution. It should be noted that since the alpha particles
were PSD'd'from protons in this experiment, these alphas
will not be counted as "protons".

The/ﬁnfolded differential'neutron energy spectrum at
Pfotzer maximum shown in Figure 8 was fitteh to a spectral

shape of the form:
aN/aE_ = pe-B(E)
where B(E), the spectral parameter is defined:

&)
B(E) = }:;‘N ggt .
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In Figure 9 B(E) decreased smoothly with energy, ranginé

from 4.0 £ 1.0 at 3 MeV to 1.2 & 0.T at 20 MeV.
IV. DISCUSSION OF RESULTS

Since both the expérimental technique used and the
neutron energy spectrum are quite different from previous
atmospheric neutron spectral measurementsd, 10,1120 e
Lelieve that a consideration of the various possible dif-
ficulties in atmospheric neutron measurements is impera-
tive, First, let us evaluate semi-quantitatively and,
second, consider the possible difficulties encountered in
fast-neutronvmeasurementa in a background of charged
particles.

In this experiment the largest uncertainties in the
proton recoil spectrum shown in Figure 7 arise from statis-
tical and systematic errors. The statistical errors per
channel are easily evaluated to be 15-20 per cent. The
systematic errors, on the other hand, are ﬁuch more dif-
ficult to evaluate. The main contribution comes from the
differential non-linearity of the logarithmice PHA in the
lower channels. This is estimated to be comparable to
the statistical errors for the lower éhannela of the flight
PHA and considerable less than statistical for the upper

channels. The cross-calibration curve to convert the
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logarithmie PHA to a standard linear PHA that can then be
converted easily to light units is shown in Figure 10.
Since the chgnngl_jidth is pmall in the lower channels,
two criteria were used to minimize systematic errors.
First, the differential of the calibration curve must be
smooth and nearlywlogarithmic. éecond, the sum of all
flight channel widths must equal the total width of the
single channel analyzer cqneﬁraining the fL dt range of
the PHA., The error bars shown iﬁ Figure 7 are the most
probable values from combining these two major sources
of errors. To obtain thé error bars éhown in Figure 8.
and Figure 9 the uncertainty in the slope was determined
at the energies for which the errors are plotted.

The most serious possible experimental difficulties
in atmospheric neutron measuregents can be attribgted to
one or more of the following: Compton eiectrons not
being properly identified by the PSD, charged particles
"leaking" through the anticoincidence system and thereby
being falsely measured as neutrals, and thé PSD falsely
identifying neutron-producgd secondary alpha particles as
recoil protons. Eacﬁ of these effects will both increase
and harden the "measured" neutron energy spectrum. This
can be Been'by comparing Figures 6(a), (b), and (c).

The effects of Cbmpton electrons being mistakenly

identified as protons by the PSD can be seen by comparing

i
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the relative intensities of Compton electrons and recoil
protons as well as the shapes of the electron and proton
pulse-height gpectrg. The Compton-electron pulse-height
data of Figure 6(c) are obviously a ﬁarder spectrum than
the recoil-proton data of Figure 6(a). Since the ratio
of electrons to protons was 14.2, a 1% error in the PSD
separation can produce a 1l4% error in the proton flux.
The large difference in Bpectral shape can introduce a
greater than 10% error in the slope B(E) of the neutron
energy spectrum for a 1% error in the PSD separation.

The second experimental uncertainty can be evaluated
from the charged-particle pulse-~height spectrum measured
by the neutron detector when the charged-particle anti-
coincidence sBystem was turned off. We observed that it
was very similar in shape to the Compton-electron spectrum,
i.e., a much harder and more intense spectrum than the
recoil-proton spectrum. Therefore, the "leakage" of a
small amount of charged particles into the neutron de-
tector would produce a more intense and harder apparent
recoil-proton spectrum,

Third, if the PSD cannot separate alpha particles
from recoil protons, both types of events are recorded as
recoil protons. This would produce an increase of about
10% in the recoil-proton flux, as can be seen by comparing
Figures 6(a) and 6(b). This again yields a more intense

neutron spectrunm.
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V. CONCLUSIONS

We have found Fhat the.differential neutron energy
spectrum at Pfotzer maximum at 42°x geomagnétic latitude
was considerably steeper in the energy interval 3-10 MeV
(Figure 9) than previously measured spectra. The spectral
param;ter B(E) for the differential neutron energy spectrum
decreased smoothly from 4.0 + 1.0 at 3 MeV to 1.2 * 0.5 at
20 MeV. The calculated neutron flux in the energy range
3.5 to 10 MeV was 0.36 + 0.10 neutrons/cm2sec, about that
obtained earlier by Mendell2?, It is clear that the
question of a possible change in the neutron energy spectrun
between Pfotzer maximum and the top of the atmosphere re-
mains unresolved. The intensity and shape of the neutron
energy spectrum between 3-100 MeV is important to the
evaluation of the contributions made by neutron leakage
to the population of energetic protons in the inner radi-
ation belt. The results of this experiment show the ne-
cessity of using caution in interpreting earlier experimenté
and indicate that excellent PSD techniques must be used in
atmospheric neutron measurements. Any linear extrapola-
tions of the differential neutron energy spectrum to

higher energies7 cannot be Justified.
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_FIGURE CAPTIONS

Charged-particle anticoincidence shield design.
Parallel sum and coincidence loglic of the
charged particle shield systen,

A two-parameter (64 x 64) contour display of
Compton electrons, recoil protons and inflight
calibrator (IFC) for a laboratory prototype.
The widths of the dark bands are egual to one
full width at half maximum (FWHM).

A section of Figure 3 taken at the fL dt value
corresponding to the Compton edge of Cob0,

Two-parameter (SL dt vs dL/dt) flight data

" taken from 54l to 62 mbar.

Figure 6(a) )
6(b)

6(c)

Figure T

,Recoil-proton count rate data from Figure 5,

The secondary alpha-particle spectrum
extracted from Figure 5.

The uncorrected Compton-electron speqtrum
taken from Figure 5.

The recoil-proton energy spectrum obtained
from the data in Figure 6(a). To obtain the
actual number of protons/MeV multiply the

ordinate by 1l.L42.
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Figure 9

Figure 10
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FIGURE CAPTIONS(cont.)

The differential neutron energy spectrum at
Pfotzer maximum, The actual neutron flux is

3.22 times the ordinate.

The logarithmic s;ope of the differential neutron
energy spectrum at Pfotzer maximum as a function
of energy.

The linear (Technical Measurements Corp.) channel

number as a function of flight channel. number for

JL dt pulses.
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ELECTRON DENSITY MEASUREMENTS
FROM SOUTHERN LATITUDE ROCKET FLIGHTS

1

R. E. Houston and L. E, Larson®
University of New Hampshire
Physics Department
Durham, New Hampshire

ABSTRACT

Propagation experiments in the 1 Mc/s and 3 Mc/s range
have been utilized to determine electron distributions in the
lover ionosphere. Nike-Apache flights at 12°, 30°, and 60°
geographic south latitude provided data for computational
techniques based on the Sen-Wyller form of the generalized
Appleton-Hartree equations, Faraday rotation data obtained
from the rocket telemetry signal and the appropriate linearly
polarized groﬁnd based transmission are used to determine the
difference in the ordinary and extraordinary indices of!re-

i

‘fraction. ﬁThis difference is compared to a difference value
generated by the Sen-Wyller equations.

Values of collision frequency are obtained from the dif-
ferential absorption data of the ordinary and extraordinary
waves as well as from theory.

Electron densities of the order of 5 x 10%el/cm3 at 100 km

are obtained for all flights.,



139

Comparison between values obtained by the above method
and ionosonde techniques will be made.

This research was sponsored by the National Aeronautics

and Space Administration under Contract NASr-16L.

¥ Present address is Denison University, Granville, Ohio
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LOWER IONOSPHERIC PARAMETERS AS MEASURED FROM SOUNDING ROCKETS

/Re E. Houston and L. E. Larson®*
University of New Hampshire
Physics Department
Durham, New Hampshire

In a recent flight from Fort Churchill, Manitoba, propa-
gation experiments in the 1 Hz/s and 3 Hz/s range wvere utili-
lized to determine electron density profiles from approxi-
mately 65 km to 100 km. Measurement of the neutron albedo
(thermal energy to 15 MeV) and charged particles (100 Mev and
up) resulting from the incident cosmic—ray flux were carried
out over the same altitude regime, A detailed comparison of
these results is made.

In addition, measurements of the 1217 K and 1450 X radi-
ation flux slong with the X-ray flux. in the 2 K - 12 X range
were obtained.

The electron density profile is obtained from the»general-
ized Sen-Wyller equation using Fareday rotation data from the .
rocket telemetry signal and the appropriﬁte linearly polarized
ground based transmission. Electron densities of the order of
100 el/cm3 at 65 km and 5 x 10* el/ecm3 at 100 km were obtained.
These will be compared to values obtained recently in Southern
latitude measurements.

This research was sponsored by the Nationai Aeronauties

and Space Administration under Contract NASr-16L.

* Present address is Denison University, Granville, Ohio
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A MEASUREMENT OF THE EFFECTIVE RECOMBINATION
COEFFICIENT IN THE LOWER IONOSPHERE

4

R. E. Houston and L. E. Larson#
University of New Hampshire
Physics Department
. Durham, New Hampshire

ABSTRACT

Utilizing the charged particle spectra obtained on a
recent Nike-Tomahawk firing, the production of electrons in
the lower ionosphere was calculated. On the same rocket a
Faraday rotation experiment measured the electron density.
The ratio of the electron production to the square of the
electron density is the_effective recombination coefficient,
Goppe The fesulfs obrained through this technique give a
value for Copp of approximately 6 x 107 cm3/sec at 65 kilo-
meters, .This value is in reasonable agreement with that
cited by other authors. Closer agreement is achieved when

"recent experimental values of the negative ion ratio are

substituted in the earlier work.

* Present address is Denison University, Granville, Ohio
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A Sensitive Radio Rece;bq:,for Lonospheric Measurements¥*

. D. Szachta*, R, E;’Héuqton, Jr., and L. E. Larson’

Department of Physics, University of New Hampshire, Durham, New Hampshire 03824

A sensitive, narrow band,:gmplitude modulated radio feceiver was
designed to measure the electf&# density in the lower ilonosphere.

The method employed was to éend a continuous wave linearly polarized

i

signal from a ground-based traﬁgﬁitter to a receiver located in a
rocket payload.. Modulation Wasférovided by the spin of the rocket about
its vertical axis which continhually swept_the dipole (loopstick) receiving
antenna thrd;gh the polarized el;é;romagnetic field. The plane of
polarization of the wave changes’and it is attenuated by amounts which
depend on the wave frequency, number density of free electrons, électgon
‘collision frequency, and electgbﬁ gyrofréquency. If the collision frequggﬁy‘
vis measured by aﬁ independent‘méfhod, then the angle through which the |

plane of polarization rotates per unit altitude (Faraday Rotation) can

be related to the electrou,denéity.1
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The receiver circuit diagram is shown in Fiéures 1l and 2. The
antenna was formed by windiné a coil on al.6 x 14.0 cm cylindrical
 ferrite‘rod, and placing a capacitor in pargllel‘with the éoii such
that it resonated Ft the desired frequency. Coupling to the rf stage
‘was accomplished b&’a second coil wound around the rod.

The rf amplifiér wag a standard comm;n emitter class A tuned
amplifier. The local oscillator and mixer, which was combined to
eliminate one stage, basically consisted of a crystal controlled
Colpitts oscillator ﬁhose circuit parameters were chosen so that it
would oscillate well over a range of frequencies (& 1-4 MHz) with
just a change of crystal. Two'crystal'filters2 were installed in
this stage, one in the base circuit to prevent self~oscillations by
effectively grounding the Base ;t the 1.f. frequency, and the other
‘in parallel with the emitter circuit to enhaﬁce the gain at this one
frequency only.

‘The three i.f. sections were identical, each using a transfiltef3
for the frequency selection element. The resonant frequency of a trans-
filter is fixed. This is a desirable feature as the rapid acceleration.
Jnd severe vibration of'the vehicle cannét cause any alterations of
settings during f}ight. .A crysfal filter was installeﬁ in each emittér
" circuit to improve the gain at tﬁe i.£f. frequency. It should be noted
" that the capacitive component in the input and output impedances to the
transfilters altered their resonant frequency by as much as 2 kHz. This
ﬁecessitated measuring the frequency of best response for each completed
‘receiver and selecting a transmitter crystal for each flight with a

frequency matched to the measured receiver resonant frequency.
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The detector was standard. The audio amplifier was designed to
have good low_frequency response since the signal modulation frequency
was 6-~20 Hz. A zener diode across the output limited the output voltage,

to 5 v (a standard telemetry requirement) .

The automatic gain control (AGC) consisted of a feedback network
which changed the Biassiﬁg of the rf and 1.f. stages such that tﬁeir gain
was reduced when a large input signal to the receiver was present. The
time constant of this AQC circuit was about 2 sec solthat the slow
modulation of the signal received would not appear to be a signal
stfength change. |

The completed receiver had a bandwidth of 2.2 kHz and the center-
<frequeﬂcy was stable within 60 Hz over a period of 1 hour and varied

less than 300 Hz over a temperature range of -lO.to +50° C. The
sensitivity:of a: typlcal receiver was such that a 5 uv/m field at the
antenna 3,6 resulted in an output signal well above the background
noise,

‘ N

A printed circuit.layout was used, and the completed units measured
7.0 x» 10.0 x 2.5 cm. Receivers and‘antennas were encapsulated before
flight to ad& mechanical strength. At fhis time 8 receivers have been
successfully flown, some operating at 1.005.MHz and others at 3.385 MHz.
The oniy changes required to allow the basic recelver to operate reliably

‘at any frequency in this range were to suitably alter the antenna
winding, to select a capacitor in the rf section that amplified the

desiied frequenéy, and to use the proper oscillator crystal. Parts,

excluding the printed circuit board, cost about $130.00.
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* Supported by the National Aeronautics and Space Administration
' under Contract NASr~164.
¥ Present address: MeChord Air Force Base, Tacoma, Washington 98439

+ Present addregs: . Dept. of Physics, Denison University,
Granville, Ohio

1. H. K. Sen and A. A. Wyller, J. Geéphys. Research 635, 3931 (1960)

. 2. Type TF-01A, Clevite Corporation, Piezoelectric Division, Bedford, Ohio

3. Type TO-02A, Clevite Corporation

4, F. D. Szachta, The Design of an Improved Receiver for Rocket Experiments,
M.S. Theéis, Dept. of Electrical Engineering, University of New
Hampshire (1965).

5. IRE Standards on Radio Recéiverg, Methods of Testing Amplitude
Modulation ﬁroadcast Recei&ers (1948)

6. IRE Standards on Radio Receivers, Methods of Testing Receivers

Employing Ferrite Core{Lbop Antennas (1955)
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Figure Captions

Fig. 1. Receiver’Circuit'diagrém’-‘&f and i.f. stages.

Fig. 2. Receiver circuit diagram é;deééctor, AGC, audio, and voltage
regulator stages. ‘
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A MEASUREMENT OF THE EFFECTIVE RECOMBINATION
CbEFFICIENT IN THE LOWER IONOSPHERE
- Lee E. Larsoﬁ
Denison University, Granville, Ohio 43023
and |
R. E. Hquston, Jr.

University of New Hampshire, Durham, N, H. 0382k

INTRODUCTION

The rate coefficients for free electron loss
processes in the lower ionosphere ;re at present still
subject to somé question, with recent values reported in the
literature varying over more than an order of magnitude
(Webber (1962), Adams and Masley (1965)). One technique
which can be used to measure an effective recombination
coefficient is to 'measure simultaneously the electron
concentration and the rate of electron production, and to
derive the recomﬂination coefficient from these measurements.

6n June T, 1967 (during a solar proton event) a Nike
Tomahawk sounding rocket was flown from Churchill, Manitoba,
wvhich recorded the charged particle flux, Lyman a and 2-122
x-ray fluxes, and the electron concentration. These data
are used here to find a value for the effective recombination

coefficient in the.ranée of 60-70 km.,
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THEORY

The rate of change of free electron number density
in the lower ionosphere can be written as

; - b .

%gﬂ' = Q-0 N N, -BN +YN N+ opN (1)~
where @ = electron ﬁroduction rate, and Ne’ NA’ N, and
'N” are the electron, positive ion, neutral particle, and
negative ion densities respectively.
| op = electron~positive ion fecombinatioh
coefficient

B = electron attachment coefficient

¥

collisional detachment coefficient
p = photodetachment coefficient

This expression can be simplified by writing

Tt oy N Ny + BN, =¥ " N - p N~ (2)

where a;, F the ion-ion recombination coefficient. If we

define 1  N-/Ne, assume dA/dt = O, and utilize

equation (2), equation (1) can be rewritten as

aN
—

- | 2
at T+A (ap + X ag )W, (3)

If the electron concentration changes slowly with

time,

;95 = (142) (ap + 2 o) = a
e

- (4)
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Therefore, the effective rate coefficient may be found by
measuring the electron concentration and the rate of

electron production.

PRODUCTION RATE .

The charged particle detection system, which
consisted of a bank of proportional counters, as well as
the method of deriving the observed proton.spectrum are
fully described by Lockwood and Friling (1968).

The integral spectrum.determined‘for this flight
is shown in Figure 1. It can be seen that the flux

measurements fit an exponential integral rigidity spectrum

P
P

J(>P) = J, e °

with J_ = 700 (em® sec)™? and P, = 60 Mv. J is the total
flux of particles above rigidity (momentum per charge) P.
Lockwood and Friling (1968) assume that the counts observed
“are.due,entirely to protons, and the flux is assumed to
have Qﬁ.isotropy. It should be noted that this enhancement
of the low energy proton flux can also be seen in date from
Explorer 3bL (Environmental Science Services Administration,
1968). fhe spectrum from Explorer 34 cannot be compared to
the one found by Lockwood and Friling since the satellite
vas well outside the magnetosphere at this time.

The electron production rate Q was calculated using

the method described by Adams and Masley (1965). The
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specific production rate q, which is the rate of production

of electron-ion pairs at an altitude z by a flux of 1

‘ pa.rticle/cm2 sec. of energy E is calculated. Then, §Q can bde

found at altitude z by

) 150 Mevw
Q(z) = [ q J(E) aAE

where J(E) is the flux of protons in an energy band AE
centered at E and Ec is the effective.geomagnetic energy
cutoff. With the large flux of low energy particles
present during the flight, it 1s found that over the
altitude range considered, the effect on Q of particles
with E > 150 Mev is negligible.

Shea et al. (1963) calculate the vertical cutoff
rigidity at Churchill as < 210 Mv (v 20 Mev), and a recent
experimental value is given by Webber (1968) as 160 Mv
(14 Mev). The latter value was adopted for this work,
although’if éhe former is used it changes the results by
less thah a factor of 2. The resulting Q as a function of
altitude 1; shéwn in Figure 2.

It is assumed that the low energy protons were the
only ionizing source. Flux measurements of Lyman a (12162)
and 2-12K x~-rays, thought to be the other possible ionizing
radiations in this region, indicate that thege did not
reach below T0 km during the flight‘(solar zenith angle
x = 58°). Calcul#tions confirm that these radiations should

be absorbed sbove TO km.
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ELECTRON DENSITY

The electron density was determined by measuring
the angle ¢ through which & 3.385 MHz linearly pblarized
radio wave rotates as a function of altitude in the
ionosphere. It can be shown that

= 4 (ny-np) (5)
where w- = wave frequency

¢ = speed of light
nl,‘n2 = 2 values of the lonospheric indéx of
refraction
Also,
5, “)(Ga)

’ 2
n, = Fl(woz, W, n, = F2(wo , Wy, B, V

)(6b)

where Fl and'F2 are functions determined from the

generalized magnetoionic theory (Sen & Wyller, 1960).

o - bn N e
! w,° = =——=—, the plasma frequency
s = .%EE,»the electron gyrofrequency
e

v = electron collision frequency. .

The electron collision frequency was obtained by
observing the attenuation of the Lyman o radiation_in the

earth's atmosphefe, relating this quantity to the
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atmospheriec pressure, and using the experimental relation-
8hip between pressure and electron collision frequency
(Phelps, 1960) as described by Aikin, Kane, and Troim
(196L4). The collision frequencies derived are shown in
Figure 3. An’eiperimental value of (nl-na) can be determined
from equation (5) mince 4V/d% is @ measured quantity. Also
a computed value of (nl-ne) was found from equations (6)
using an assumed value of Ne. The experimentai and
theoretical values were then compared, and the assumed
value of Ne wvas corrected by an iterative process until the
computed value of (nl-nz) matched the experimental value,
resulting in a unigque determination of Ne.

The eiectron density profile is shown in Figure k.
The uncertainties are due primarily to uncertainties in

the value of dy/dz.

RECOMBiNATION COEFFICIENTS

Using the data from Figures 2 and 4, and equation
(4L) the recombination coefficients shown in Figure 5 are
obtained.. Also shown on the same graph are values
determined by Webber (1962) and by Adams and Masley (1965).
The values originally reported by Adams and Masley should
be corrected by a factor of 2.27 (private communication,
Adams, 1968) and this has been done here. The measurements
‘reported here show fair agreement with those of Adams &
Mesley at lower altitudes but indicate fairly large

discrepancies in the upper altitude range. Good agreement
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is seen with Wébber except for the middle part of the
range. Here, Webber's data could be brought into closer
agreement if his values of A were assumed to be somewhat
smaller. Regent mggsurements by Hale et al. (1968)
indicate that it is\possible for A to stay constant with
a value of 3 from 60 to 65 km increasing to & value of 5
from 67 to 70 km. It can be seen from equation (4) that
if these values of A for this altitude region ;re
substituted for those used by Webber, that his value of

O pp in this region would correspond very closely with

that determined by the present authors.

CONCLUSIONS

It is concluded on the basis of this one flight.
in which the low energy solar proton fiux was sufficient
to give a measurable electron density, that the method
'reported‘here is one of the most direct ways to determine
Gopp® It is obvious that there are still discrepancies
'present in recent determinations of the effective recom-
bination coefficient, -and that more flights of this type

could be used to ascertain the correct value.
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FIGURE CAPTIONS
Integral proton flux versus rigidity measured
on flight 18.29, T June, 1967.

Elzctron production versus altitude, T June,
1967.

Electron collision frequency versus altitude,
7 June, 1967.

Electron density versus altitude, 7 June 1967.

Effective recombination coefficient versus
altitude as determined by data obtained on

flight 18.29, T June 1967.
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